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Abstract
The aim of this research was to investigate the support potential of a thin spray-on liner
in an in-situ mining condition and compare that with the performance of steel mesh using
numerical models. The research focused on simulating the behaviour of the polymer liner
at the rockmass interface accurately. A cohesive zone model was developed to simulate
the behaviour of liner at the rock interface. The support capacity of polymer liner and
steel mesh when applied on coal mine roof strata and loaded to buckling and guttering
failure was also compared using numerical models. Finally, a numerical study to compare
the behaviour of the polymer liner and steel mesh when applied in a mine roadway roof
was undertaken. In all the models, the polymer liner indicated better support potential
than steel mesh.
At first, numerical models to replicate the behaviour of the rock substrate, the polymer
liner, the steel mesh and the interface between the liner and the substrate were developed.
Hydrostone i.e. gypsum plaster and 5% Portland cement, was used to simulate the
substrate for experimental study. A concrete damaged plasticity model considered for the
substrate, replicated stress-strain behaviour observed in the experiments and the damage
variables defined in the model simulated the post-peak failure behaviour of the substrate
accurately. The cohesive zone model developed for the interface was calibrated using
double-sided shear test results. A beam model for steel mesh was developed using threepoint bending and full-scale pull tests results.
Four-point bending tests were carried out on rectangular plaster beams, reinforced with
polymer liner to validate the developed individual material models in multiple failure
scenarios. Rectangular and V-shaped notches were also cut in the plaster beams to
ii

investigate the effect of liner penetrating into the cracks and fractures already present in
the rockmass. Numerical models simulating the bending tests of unreinforced beams
failed at the onset of the first micro-crack, originating near the middle of the bottom face
or from the notch. The polymer liner reinforcement in the composite beam models
delayed not only the formation of the micro-cracks but also restricted their further
propagation and increased the flexural strength of the plaster beams to 24 MPa, three
times the unreinforced beams. The cohesive interface defined between the liner and the
substrate failed near the roller support points and then a distinct diagonal tensile crack
originated near the roller support points and extended to the loading points on the top
face, resulting in the yield of the composite beam, similar to the experimental results.
The large-scale model simulating the polymer liner supported coal mine roof strata,
sustained not only higher crack initiating load, 105 kN, than that of the steel mesh model,
90 kN, but also restricted the propagation of tensile cracks across the slabs, when
subjected to buckling load. The steel mesh supported model failed immediately after the
initiation of the first tensile crack in the outer slab, at a peak load of 123 kN. The polymersupported model provided active support by bonding with the slab, which resulted in a
higher peak load of 201 kN. The guttering numerical models simulated the behaviour of
the physical experiments accurately. The polymer liner restricted the movement of
already fractured strata, and the bonding of the liner assisted in maintaining the integrity
of the fractured rockmass during deformation.
The application of steel mesh and polymer liner to the roof in the coal mine roadway
models reduced the roof displacement and extent of the failure region when compared to
unsupported and rock bolt supported models. In addition, the polymer liner model formed
a strong bond with the immediate roof and provided support immediately. The roof
iii

deformations observed in the polymer liner models at three different mining depths were
lower than the comparable steel mesh models, which indicated that the liner acted as an
active support system. In contrast, steel mesh provided support only after significant
displacement occurred, thus, acting as passive support. These numerical results provide a
better understanding of the support characteristics of the liner and clearly indicate the
potential of a thin spray-on liner as a replacement for steel mesh for rock surface support.
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Chapter 1
Introduction
1.1

Background

The interaction of rock reinforcement and surface support plays an essential role in
determining the effectiveness of an integrated ground support system in an underground
working. Rock reinforcement can be achieved by installing rock bolts and cable bolts to
the interior of the rock mass, which help in resisting internal rock movement. Rock bolts
are very useful in reinforcing the rock mass, but the bolt plates cannot provide effective
strata support. As a result, there is a lack of areal support coverage between the bolts,
which may, in turn, lead to instability.
Surface support such as steel mesh and shotcrete helps in containing the loose rock
fragments, preventing them from falling on mining personnel working below and
resisting the surface deformation. Steel wire mesh, the most widely used form of surface
support, is labour intensive and provides passive support. The passive support requires
the rock mass to displace before it can provide any support reaction. Liners like shotcrete
or fibre-reinforced shotcrete are chemically bonded to the rock surface, which allows for
active support and reinforces the rock mass. The application of shotcrete is not suitable
for fast advancing coal mine roadways due to the slow curing time.
In the late 1980s, the concept of using a thin layer of chemical products as surface support
emerged at Queen’s University in Canada. Mining Industry Research Organization of
Canada (MIROC) began a study of fast-setting, thin spray-on liners (TSLs) for ground
support (Archibald, 1992). In the mid-1990s, many organisations in Canada and South
Africa undertook research on TSLs and developed products according to their industry
specifications. In Australia, several successful TSLs trials were reported in a few limited
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applications (Nucifora and Irwin, 2001, Laurence, 2004). Insights from early experiments
suggest that the support characteristics of TSLs lie between those of shotcrete and mesh
(Tannant, 2001b). Testing methods have been developed to determine the properties of
TSLs (Lewis, 2001, Saydam et al., 2003, Ozturk and Tannant, 2004, Yilmaz, 2007,
Yilmaz, 2011). The thin spray-on liners developed so far were able to restrict the rock
movement by forming a strong bond with the rock substrate in the laboratory
investigations, but they required 2 - 7 days to reach significant strength. As a substitute
for steel mesh in the development of coal mine roadways, there is a need to develop TSLs
which can achieve strength quickly and provide reinforcement immediately after
spraying.
A new generation of fast setting TSL, ‘Tough Skin’ is being developed at the University
of Wollongong, which can cure within seconds and when mixed with glass fibres can
provide effective reinforcement in Australian coal mines (Lukey et al., 2008, Nemcik et
al., 2009). Various laboratory tests have been developed to estimate the mechanical
properties such as compressive, shear, tensile, bearing and ultimate strength of the TSL
(Nemcik et al., 2011a, Nemcik et al., 2011b, Nemcik et al., 2013, Qiao et al., 2014b, Qiao
et al., 2014a, Qiao et al., 2015b). Further, shear bond and tensile bond characteristics of
TSL when adhered to different rock substrates were also investigated to understand the
failure and support mechanism of the TSL material (Qiao et al., 2015a, Qiao, 2015, Qiao
et al., 2014b, Qiao et al., 2015c). Recent studies have been conducted to compare the
reinforcement capacity of TSL and steel mesh in large scale experimental setups (Shan et
al., 2014b, Shan et al., 2018, Shan et al., 2019). The tests indicated that the ‘Tough Skin’
polymer developed at the University of Wollongong is a fast setting TSL and may replace
steel mesh for rock support in underground mines (Shan, 2017).
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1.2

Problem Statement

Apart from these experimental investigations, attempts have been made to develop
numerical models to capture the behaviour of TSL. Models were developed to replicate
the behaviour of liner material in tensile and compressive tests (Tannant and Wang, 2004,
Ozturk and Guner, 2019) using distinct element numerical codes (PFC2D). Earlier
developed models offered an understanding of some support mechanisms (Dirige and
Archibald, 2009). These models could simulate the liner’s behaviour until the peak stress
and were suitable only for brittle liner materials. The behaviour of liner material at the
interface of the rock mass was not considered in the models. Some empirical and
analytical models were developed to understand the adhesion mechanisms (Malan and
Napier, 2008, Mason and Stacey, 2008, Mason and Abelman, 2009, Fowkes et al., 2008,
Ozturk, 2012), but they were limited to simulating specific experiments.
The models developed so far attempted to develop a material model for the liner material
by calibrating the numerical simulations using experimental results, however, there is also
a need to simulate the liner’s behaviour at the rock mass interface. A decision was made
to address this research gap. A numerical study to investigate the TSL properties and
understand the interaction between the liner and the rock mass was considered. TSL has
been considered as a substitute for steel mesh in underground coal mines, but no
numerical study has been done. There is a need to compare the reinforcement capacity of
steel mesh and the polymer liner using large-scale models simulating in-situ loading
conditions. Besides, numerical studies to investigate the behaviour of the liner and its
comparison with steel mesh, when applied at a mine roadway are very limited.
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1.3

Objectives of the Study

The research aims to develop a numerical model which can simulate the behaviour of thin
spray-on liners when applied to an underground mine roadway surface. Objectives to be
achieved for the study about the numerical modelling of TSLs can be summarised as
follows:
a) To define the individual material models for simulating rock, polymer, and the
interface between them and include their mechanical properties and failure behaviour
in the TSL-substrate numerical model.
b) To conduct experiments to define the mechanical parameters of hydrostone/rock and
polymer for calibrating their material models.
c) To conduct small scale mechanical tests to investigate the support potential of the
TSL when adhered to a hydrostone substrate.
d) To develop a TSL-substrate numerical model, simulating small scale experiments and
validate the model using results from the laboratory experiments.
e) To extend the developed TSL-substrate numerical model to simulate large scale
experiments carried out previously at the University of Wollongong.
f) To simulate the TSL behaviour when applied to mine roadways using the developed
TSL-substrate model.
g) Compare support capacity of TSL with steel mesh using mine scale numerical models.
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1.4

Outline of the Thesis

This thesis has been divided into seven chapters to present the information related to this
research. The organisation of the chapters is as follows:
Chapter 1: Introduction
It provides a background on the research, problem statement, aim and objectives of the
research and the outline of the thesis.
Chapter 2: Literature Review
A brief review of research conducted on surface support systems and their support
characteristic and failure behaviour has been presented. Testing methods to determine the
mechanical properties of polymer liners and experiments conducted to compare the
support potential with steel mesh have been reviewed. Research works available on the
development of numerical models for simulating the TSLs behaviour were also presented.
Chapter 3: Experimental Studies
Laboratory experiments conducted to determine the mechanical properties of the polymer
liner and the substrate (hydrostone plaster) are presented. Small scale flexural
experiments to examine the ability of the liner to form a composite with the substrate
were carried out. Results and discussion of the laboratory experiments are provided.
Chapter 4: Numerical Modelling Methodology
In this chapter, a methodology for finite element modelling of various components of the
numerical model is proposed. A concrete damaged plasticity model is introduced for the
hydrostone plaster to simulate its behaviour in both tensile and compressive loading. The
mechanical properties of the polymer liner were also calibrated using a plasticity model.
A cohesive zone model is introduced for modelling the interface between the polymer
5

and rock. Test results of a double-sided shear test on polymer-coated hydrostone plaster
substrates were used to calibrate the interface parameters. The material model simulating
the behaviour of steel mesh was calibrated using a numerical simulation of three-point
bend tests on steel wires and validated using numerical models simulating full-scale pull
tests on two mesh sections.
Chapter 5: Numerical Modelling to Investigate the Reinforcement Capacity of a
Thin Polymer Liner
The flexural tests in Chapter 3 were simulated to investigate the liner’s behaviour at the
rock interface. The cohesive zone and concrete damaged plasticity models developed in
Chapter 4 were validated using the experimental results. Large scale buckling and
guttering experiments were also simulated numerically to compare the behaviour of the
polymer liner with steel mesh in supporting coal mine strata.
Chapter 6: Numerical Modelling of an Underground Mine Roadway
Three-dimensional models were developed to simulate an underground coal mine
roadway in four support scenarios. In the first model, an unsupported mine roof was
simulated and in the second model, a mine roof reinforced with rock bolts were
considered. To evaluate the support potential of the TSLs with steel mesh, a mine roof
supported with steel mesh and the polymer liner, in addition to rock bolts were
investigated in the third and fourth models, respectively.
Chapter 7: Conclusions and Recommendations
This chapter summarises the significant findings from the current research and then
makes some recommendations for the potential areas of future research.
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Chapter 2
Literature Review
2.1

Introduction

An underground mine working consists of two types of stresses, in-situ stress and induced
stress. The in-situ stresses include three components, vertical and major and minor
horizontal stresses, Fig. 2.1. The gravitational load of the overburden strata comprises
the stress in the vertical direction (

). The horizontal stress is a combination of tectonic

stress rising from horizontal movement of the continental plates in the earth crust and
lateral stress (

) induced by the gravitational load through the Poisson’s ratio ( ), Eq.

2.1 (Goodman, 1989).
=

∗

(2.1)

Fig. 2.1 In-situ stresses in an underground working (Qiao, 2015)
According to in-situ measurements, horizontal tectonic stress depends on geological
structure, lithology and hydrology and in some geological regions it can be greater than
the lateral gravity-induced stress and about 1.5 to 4 times in extent (Herget, 1988). Many
regions have limited tectonic effect. The horizontal stress compresses every bedded strata
layers equally, as shown in Fig. 2.2. As a result, the rock having higher stiffness will be
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observed in higher stress compared to rock layer having lower stiffness value. This will
cause variations in horizontal stresses across layers, however, the vertical stresses
compress different strata layers fully until the full weight of the overburden is carried and
transmitted to the layer below, irrespective of their stiffness (Nemcik et al., 2006). The
presence of geological structures like discontinuities and folds may create localised stress
concentrations.
Stress measurements are usually done in competent rock, and then the stress in relatively
weaker rock is estimated. The lateral stress (
(

) can be normalised (

) for measured competent rock stiffness

) to a chosen weaker rock stiffness (

) using Eq. 2.2

(Nemcik et al., 2006).

=

Where:

−

∗

+

∗

(2.2)

= Normalised lateral stress,
= Measured lateral stress,
⁄
ν

= Ratio of normalised and measured Young’s modulus and
= Poisson’s ratio

(a)

(b)

Fig. 2.2 Variation of stresses in different layers after Nemcik et al. (2006)
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When an excavation is made in an underground coal mining environment, the in-situ
stress is disturbed, and the stress field gets redistributed and is concentrated around the
mine openings. Vertical stress is redirected near the coal ribs, and the lateral stress
concentrates along the roof and the floor. It is preferable to direct the roadways at a low
angle to maximum stress concentrations. Or else, it can lead to roof or floor failure, which
may cause widespread roof guttering, Fig. 2.3.

Fig. 2.3 Roadway directions versus stress orientation and the effect
on strata conditions (Nemcik, 2014)
The roadway failure in an underground coal mine can be caused by stress conditions (pre
and post-mining), unsuitable roadway directions, stress concentrations and ineffective
support systems (Singh and Ghose, 2006). The usual failure modes observed in an
underground coal mine are guttering failure, span failure, strata-skin failure, cantilever
failure and rib failure, as shown in Fig. 2.4.
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(a) Guttering failure (Nemcik et al., 2009)

(b) Skin failure
(Singh and Ghose, 2006)

(c) Roof span failure (tension)
(Jeremic, 1985)

(d) Roof span failure (shear)
(Jeremic, 1985)

(e) Buckling failure of rib
(Gale and Fabjanczyk, 1993)

Fig. 2.4 Common roadway failure modes
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The installation of support systems assists in preventing these failures to occur. They can
be classified as internal or external depending upon the location of their application.
Internal support like rock bolts reinforces the rock mass, whereas external or surface
support like steel mesh and liners provide resistance to deformation and progressive
failure of the roof, as discussed later. They can also be classified as active and passive
support based on the response they provide after installation. Passive support systems like
arches, timber sets and steel mesh need the rock mass to deform and fail before it can
provide any confinement (Tannant, 1995). Unlike passive support, rock and cable bolts,
hydraulic powered supports and Thin Spray-on Liners (TSLs) are active systems which
provide support immediately after the installation.
Rock bolting has proven as the most efficient primary ground support which provides
both reinforcement and confinement to the strata. In a weak immediate roof, installation
of rock bolts reduces the chances of failure by suspending it to the competent strata above.
It also resists the rock movements and helps form a stable beam, by combining weak
layers using fully encapsulated roof bolts. It also supports by keying of fractured rock
mass and helps in reducing the fracture movement by providing axial and shear resistance,
which can be increased by bolt pre-tensioning (Peng, 1978). Rock bolting is not enough
in weak, fractured rock strata and surface support is required.
The next section details the current practice for skin support in mining industries and
further reasons behind the use of TSL as a replacement to existing surface supports.
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2.2

Strata Skin Support

Steel mesh has been used quite successfully in underground mines as surface support, but
it is of passive nature and are only effective in stopping rock fragments from falling or
providing support resistance to the rock mass after it has undergone considerable
displacement (Tannant, 1995). The effectiveness of the steel mesh is affected by several
factors like diameter of the steel wire, spacing between the rock bolts, the loading span,
orientation of loading plate, bolt tension, load surface, dimensions of the bearing plate
and mesh size (Tannant, 1995, Dolinar, 2006, Gadde et al., 2006, Dolinar, 2009). In pull
tests carried out to study the load-displacement behaviour of steel mesh, it was observed
that the loading stiffness of welded steel mesh was maximum when the load was parallel
to the orientation of the wire (Tannant, 2001a). During the initial stage of loading, the
steel wire could not resist the load effectively as the wires lay horizontally to the load
direction (Dolinar, 2006). A close pattern of rock bolts with steel mesh provides a stiff
initial load-displacement response and increases its support capacity. With an increase in
pull load, the wires become more parallel to the load, which increases the stiffness of the
mesh and the load-displacement curve follows a smooth profile until yield (Shan et al.,
2019). At the yield point, a sudden drop in peak load was observed which was mainly
because of failure of individual steel wires (Shan et al., 2014b).
Welded mesh, which is the most commonly used steel mesh in most underground mines
experiences three distinctive failure mechanisms - shear failure at the weld locations,
failure on the Heat Affected Zone (HAZ) and tensile failure of the wire (Villaescusa,
2004). Also, the application of the steel mesh is labour demanding and time consuming,
which may lead to injury to personnel during installation (Tannant, 2001b). Steel mesh is
also susceptible to corrosion which can reduce its load capacity and effectiveness in
supporting the roof.
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Shotcrete, on the other hand, adheres to the rock surface and provides immediate support
to the rock mass. It can also be reinforced by steel mesh to improve the flexural strength,
but it is difficult for shotcrete to pass the mesh strands and may result in some of the rock
surface area being unreinforced. The use of shotcrete with mesh and bolts has proved
effective in a poor quality rock mass (Villaescusa, 2014), however, in high-stress
conditions, it may crack locally. As such, steel fibres or polymer/glass fibres are now used
for reinforcing shotcrete, which can be added during application or mixing. The use of
fibre-reinforced shotcrete with steel mesh in severe dynamic loading may also result in
the formation of shotcrete slabs due to loss of adhesion between the rock and shotcrete
(Morton et al., 2009). The most common failure modes for shotcrete are adhesion failure
between shotcrete and the rock substrate followed by flexure failure, due to inability to
resist loads once adhesion is lost (Seymour et al., 2010). Tensile failure causes shotcrete
layers to pull apart, and compressive failure will cause it to spall and fracture (Barrett and
McCreath, 1995). Shear failure can also occur if the applied force or bending stresses
exceed the shear strength of the shotcrete. A problem also lies with the logistics of
transporting large quantities of shotcrete materials to active headings. Also, in some
Canadian mines, excessive deformations in drifts exceeded the displacement capacity of
shotcrete and rendered shotcrete itself as a hazard (Tannant, 2001b).
Polyurethane resin, a two-component, low viscous substance is also used for skin support.
It can penetrate cracks and fractures, which helps in sealing and supporting the strata
(Molinda, 2004). Thin Spray-on Liner (TSL) is a relatively new form of rock surface
support, developed as a substitute for steel mesh over 20 years (Tannant, 2001c).
Polymers used for TSLs include polyurethanes, polyurea and methacrylate products. As
well as being an effective support, it can also be applied with a rapid fully automated
spray system. Various field trials have been conducted, and desirable properties for an
13

ideal effective liner have been presented over the years.
2.2.1 Desirable TSL properties
With variation in underground conditions and mining environment, the ideal TSL should
have a range of properties respective of operational, eco-friendly and economic criteria.
Espley (1999) established a range of ideal TSL properties, listed in Table 2.1. Operational
parameters include non-combustible characteristics, high tensile, shear and adhesive
strength, elastic properties and rapid cure time. Environmental factors include waterresistant, temperature tolerant, environmentally friendly, non-toxic, non-carcinogenic and
other health issues. Low development cost, high spraying efficiency and long product life
are some of the desired economic parameters.
Table 2.1 Ideal TSL properties (Espley, 1999)
Property or characteristic

Recommended range

Non-combustible

Flame spread rating<200

High tensile strength

>5 MPa

High adhesive strength

>1 MPa on rock substrates

Elasticity

100% to 150% elongation

High shear strength

>1 MPa

Rapid cure time

<1 hour

Water resistant

Able to be sprayed onto humid/wet surfaces

Temperature tolerant

0°C to 40°C

Rapid application rates

>1 m2 /minute

Environmentally friendly

Only mild solvents

Low cost, long pot life

<$15/ m2, >2 hours
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2.2.2 Early field trials
Based on the laboratory findings, many underground trials have been conducted over the
last two decades. Shotcrete was replaced by polymeric liner at one of the Vertical Retreat
Method top sill sites by Inco Mines Research, Ontario in 1999. The liner was almost
unchanged with only some damage due to blasting even after four years of application
and was still providing effective support (Espley et al., 2001). A dynamic liner loading
condition was also set to test the liner support capacity in burst prone conditions. The
damage to the liner varied from a crack (with the ability to retain broken material) through
to complete failure with the ejection of the neighbouring rock. In another trial at Fraser
Mine, Sudbury in 1998-99, a six-month trial was planned by Falconbridge Ltd. to assess
the underground application of a 4 mm thick liner and comparison of manual spraying
and spray equipment. Immediate positive impact on safety was realised due to the remote
and mechanised application, and also the productivity was shown to be increased (Swan
and Henderson, 1999).
In Australian underground mines, a trial was conducted with an acrylic-based polymer
liner, Evermine, in Angus Place Colliery in 2001 (Laurence, 2004). The results indicated
that the polymer had strong adhesion towards coal, resisted spalling, reduced
displacement of ribs, was simple to use and apply and resulted in improved pillar strength.
However, the polymer had a prolonged curing time. The application rate was also slow,
and steel mesh was found to be adequate for reinforcement. In another application at
Southland Colliery in a longwall lift-off process, the working space was improved with
no slumping (seen with mesh application). Thus, safety was improved, and the spray
operation saved both time and working-hours (Hawker, 2001).
Adhesion tests to investigate the effectiveness and quality of underground application of
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TSLs were conducted at five sites in South African gold mines (Kuijpers et al., 2004).
The test results of the adhesion tests showed variation between test sites and between tests
carried out at any site. The main reason for variation in the results of the adhesion tests
was surface preparation before the application of TSL. The settling of gas on the rock
surface also caused poor adhesion of the liner. Rock having high pyrite content being
susceptible to oxidation also negatively influenced the adhesion.
Field blast testing was conducted by Archibald and Dirige (2006) to assess the support
response and damage mitigation capabilities of TSL under dynamic failure conditions
simulating in-situ rockburst impacts. The TSL provided substantially safer and
sustainable support than the conventional bolts and mesh system by resisting fracture
growth, adhering firmly to rock surfaces, and enhancing the capacity to resist rock
ejection in case of dynamic failure. Thin spray-on liners have also been used for
enhancing the pre-drained coal seam gas quality. In field trials conducted by Li et al.
(2016) at an underground mine in the Southern Coalfields, NSW, Australia, the TSL when
applied formed a thin membrane at the coal surface and restricted the air migrating
through the coal seam by blocking fractures around the drain holes and thus, increasing
the methane purity by decreasing the air contamination.
The adhesion of the polymer liner at the rock surface determines the support potential of
the liner. The different mechanisms by which TSLs provide support and different ways
in which they are loaded are reviewed in the next sections.
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2.3

Support Mechanism of Thin Spray-on Liners

TSL being a secondary support system, not only bears the weight of loosened rock mass
but also provides strength to the rock mass by the formation of strong adhesion between
the rockmass and the polymer liner. In addition, a stiff liner can constrain rock mass
dilation and prevent rock fracture and movement, whereas a flexible liner, on the other
hand, can provide active support during small rock deformation. Stacey (2001)
summarised various mechanisms of membrane behaviour, by which they provide rock
support. Several mechanisms applicable to TSLs are discussed next.
2.3.1 Promotion of block interlock
When a TSL is sprayed on the rock surface, the bonding of the liner with the rock surface
creates an interlock which prevents shear failure of the interface and restricts the rotation
of blocks. In the case of strong bonding, shear resistance is increased, as shown in Fig.
2.5a; however, if the bonding fails, the tensile strength of the TSL provides the necessary
confinement. Also, in the case of ineffective bonding, irregular rough rock surface can
form a physical shear interlock, Fig. 2.5b, with the liner and the rock movement can be
restricted. If sprayed on a loosened rock mass, the TSL penetrates the joints and cracks
and thus enhances stability and reduces further fracturing as shown in Fig. 2.5c.
2.3.2 Airtightness
The TSL creates an air-tight membrane and prevents air from rushing into the cracks and
joints. If the passage of air is prevented, the dilation of rock blocks is reduced, and thus
the failure can be restricted.
2.3.3 Basket mechanism
While supporting the already loosened and fractured rock mass, the membrane forms a
basket. The support capacity in this mechanism is influenced by three properties - flexural
17

rigidity or membrane ductility so that the membrane can deflect to form a basket; tensile
strength of membrane, to support the basket; and tensile strength of fibres and matrix
material, on which the material yield depends.

(a)

(b)

(c)

Fig. 2.5 Promotion of block interlock (Stacey, 2001)
2.3.4

Slab enhancement and beam enhancement

Due to its brittle nature, rock forms slabs near the surface zone of the excavation and
beams along the roof, which may fail due to buckling under high stresses. Application of
a TSL creates a membrane bonded to the rock surface, thus increasing the effective
thickness and resistance to buckling. The liner also enhances the tensile strength of the
roof beam on which it is applied, thus restricting the development of tensile cracks due to
bending.
2.3.5

Extended faceplate

Formation of TSL membrane extends the area of rock bolt faceplate, as shown in Fig.
2.6. The zone of influence increases with stiffer membranes.
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Fig. 2.6 Extended faceplate action (Stacey, 2001)
2.3.6

Durability enhancement and mechanical protection

The application of TSL can seal the rock surface and protect the rock from deterioration
on exposure to cycles of wetting and drying and hence preserves the inherent strength of
the rock mass. TSL liner can also provide resistance to abrasion and protection to other
support systems from mechanical damage.

2.4

Loading and Failure Mechanisms of Thin Spray-on Liners

When a liner is applied at the rock surface, the liner deforms with the rock mass and may
fail if the stresses exceed the liner’s strength. The most common failure modes observed
for a TSL are tensile and shear failure. The liner may also debond at the rock surface due
to adhesive failure. This section explains the possible loading and failure mechanisms
that a TSL can undergo in an underground mining situation.
2.4.1

Wedge and block loading

The fractures and joint planes may cause the rock mass to move and form wedges and
fragmented blocks. These blocks and wedges generate load on the liner, which creates
shear stresses along the boundary of the block for the rigid liner; otherwise, they create
tensile stresses on the basket if debonded as shown in Fig. 2.7 (Stacey, 2001).
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(a)

(b)

Fig. 2.7 Wedge and loading mechanism: (a) shear and (b) tension (Stacey, 2001)
2.4.2

Stress-induced loading

If the liner is well bonded to the rock surface, it experiences similar deformations to the
rock. So, a liner which is more brittle and stiffer than the rock mass may fail prematurely.
As a result, the liner can fail under tension, shear, bending or buckling, as shown in Fig.
2.8.

(a)

(c)

(b)

Fig. 2.8 Shear, bending and buckling failures of membranes (Stacey, 2001)
The liner material can fail in direct shear due to the shear displacement of the rock
substrate. A high liner stiffness can provide better resistance to these displacements. With
small rock displacement, a liner can also fail along a diagonal failure plane if the stress
exceeds the tensile strength of the liner along that plane (Tannant, 2001b). The two
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mechanisms are illustrated in Fig. 2.9.

(a)

(b)

Fig. 2.9 (a) Direct shear failure and (b) diagonal tensile failure (Tannant, 2001b)
2.4.3

Adhesive and tensile rupture failure

The loss of adhesion occurs due to de-bonding of the liner or by delamination of
immediate strata caused by separation of weak rock fragments. The debonding usually
happens if the adhesive strength of the liner is less than its tensile strength (Tannant,
2001b). As a result, the de-bonding keeps on increasing, and the liner stretches, which
can prevent the loosened rock fragments from falling, Fig. 2.10. The tensile strength of
the liner supports the weight of the fragments, which may lead finally to its tensile rupture.

Fig. 2.10 Adhesion loss of Thin Spray-on Liner (Tannant, 2001b)
The mechanical properties such as tensile strength, compressive strength, shear strength
and adhesion strength are crucial for determining the support behaviour and analysing the
failure mechanisms of the liner. The next two sections review the research done so far to
estimate the mechanical properties of the TSL and full-scale tests to determine its
reinforcement capacity.
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2.5

Determination of Mechanical Properties of TSL

Thin spray-on liner forms a composite layer with the rock surface and provide resistance
to small deformations, however, the support potential of the liner depends on its
mechanical properties. The failure behaviour of the liner is also determined by its
properties such as tensile strength, shear strength, adhesion strength and compressive
strength. This section reviews the experiments carried out to determine the mechanical
properties of the liner.
2.5.1 Bond (adhesion) strength
The ability of a TSL to adhere to the rock surface is classified into two types of bond
strength, i.e. tensile bond strength and shear bond strength to resist the stresses applied
normal and parallel to the interface, respectively. The purpose of the adhesion test is to
determine the interface bond strength existing between a liner material and the sprayed
rock surface.
a) Tensile bond strength
The interface between the rock surface and liner is subjected to normal tensile stress with
increase in weight of loose rock. The tensile bond strength determines the ability of a liner
to remain adhered to the rock surface. Pull-out tests have been used successfully by many
researchers, Table 2.2, to determine tensile adhesion between the liner and the rock
substrate, however, it is affected by factors like eccentricity of loading, thickness of liner,
loading rate, substrate type, surface conditions, epoxy type and time for curing (Lewis,
2001, Ozturk and Tannant, 2004). Steel housing equipment was used to load the specimen
evenly. Test done at high loading rates (up to 10 mm/min) indicated increase in bond
strength with increase in loading speed (Qiao, 2015). Results also indicated that the tensile
bond strength may increase with the tensile strength of the rock substrate.
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Table 2.2 Determining the tensile bond strength of TSL
Researchers
Ozturk and
Tannant (2010)

Remarks or Salient Features
Tensile adhesion strength is determined by direct pull tests, only if
de-bonding occurs along with the liner-substrate interface.
The adhesive strength was found to be inversely proportional to the
square root of the liner thickness.

Ozturk and
Tannant (2011)

Effect of substrate properties such as tensile strength, roughness,
grain size and surface contaminants such as dust and oil on
adhesive strength for a cement-based liner was studied.
The tensile bond strength increased with increase in grain size of the
substrate, however, substrate roughness had no effect on bond
strength.
Chemical reaction between rock grain matrix and liner material
affects bond strength.

Yilmaz (2013)

Perspex moulds were used for specimen preparations to eliminate
the need for overcoring of TSL.
Four types of failure were illustrated depending upon the tensile
strength of rock, TSL, epoxy and adhesion strength of the
interface, Fig. 2.11.
a) Failure within substrate: Tensile bond strength and tensile
strength of liner is higher than the tensile strength of substrate.
b) Failure at liner-substrate interface: True tensile bond strength
c) Failure within liner: Tensile bond strength is higher than the
tensile strength of the liner.
d) Debonding at epoxy interface: Weak bond between steel
dolly/epoxy and epoxy/TSL interface, re-testing required with
stronger epoxy.

Qiao (2015)

Steel equipment to house the samples were used to reduce the
bending and uneven stress distribution along with the interface.
TSL material adhered better to dry substrate than the wet rocks.
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Fig. 2.11 Four types of failure observed in pull-out tests (Yilmaz, 2013)
b) Shear bond strength
The support mechanisms of TSL have highlighted the importance of its shear bond
strength. When a TSL is sprayed on the rock surface, the liner forms a composite layer
with the rock mass and minimises block rotation and movement. The liner material can
also penetrate the rock fractures and cracks. Shear bond strength of a polymer liner then
provides support against the shear force generated by the movement of loose rock
fragments along a joint or fracture (Potvin et al., 2004) and keeps the broken fragments
in place. The testing methods developed to quantify the shear bond strength are listed in
Table 2.3. The testing methods include double sided shear test, TSL ring shear test and
discontinuous ring shear test. The sample may fail in tension due to bending of the
assembly in a double sided shear test (Saydam et al., 2003). The full ring shear test can
prevent the bending of the specimen, however, the normal stress generated due to the
shrinkage of the TSL resin can affect the test results (Yilmaz, 2007). The discontinuous
TSL ring shear test developed by Qiao et al. (2015a) eliminated the normal stress effects
by partitioning the ring into four sections and leaving gaps in between.
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Table 2.3 Determining the shear bond strength of TSL
Researchers

Remarks or Salient Features

Saydam et al.
(2003)

Premature failure of samples was observed in a double-sided shear
test due to bending of the samples.
Balanced load distribution was required in this method, so the
contact surface between adjacent blocks should be the same.

Yilmaz (2007)
Fig. 2.12

Use of a steel ring imposed a circumferential continuity of TSL
around a rock core and prevented the bending of specimens.
Steel ring allowed movement along the TSL - core contact surface
and ensured shear de-bonding only along that contact.

Qiao (2015)

Double-sided shear tests on rock samples glued with TSL resulted
in shear failure to propagate through the rock than along the
interface.
Results did not represent the bond shear strength, indicating that
the shear strength of intact rock is less than the shear bond strength
of the rock-liner interface.

Qiao et al.
(2015a)
Fig. 2.13

Full ring shear bond strength tests resulted in tensile failure of TSL
rings due to resin shrinkage and Poisson’s ratio effect.
The tension in the rings applied normal stress to interface, which
overestimated the true shear bond strength.
In discontinuous ring method, the TSL ring was partitioned into
four segments to minimise the tension developed in the rings.
TSL adhered better to dry substrates than the wet ones. It showed
greater shear bond strength when bonded to sandstone than coal.

2.5.2 Tensile strength of TSL
The tensile strength of TSL material was measured by loading dog bone-shaped
specimens in the tensile test according to the American Society for Testing Materials,
ASTM (2014) and ASTM (2013) standards. Archibald (2001) conducted tensile strength
and elongation capacity assessment of four types of TSL materials of various thickness
according to ASTM (2014). Results obtained showed variable load-deformation response
due to different liner materials and thickness. Also, all liner materials showed excellent
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elongation capacity ranging from 60 to 200% at initial yield. Curing period, thickness of
dog-bone specimen, eccentricity of loading, loading rate and expected failure mode are
some of the factors which were studied. The tensile loading of fibre reinforced TSLs
exhibited post-failure behaviour thus indicating higher energy absorption capacity
compared to plain TSLs (Yilmaz, 2011).

Fig. 2.12 Shear bond strength testing (Yilmaz, 2007)

Fig. 2.13 Shear bond strength - discontinuous ring method (Qiao et al., 2015a)
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2.5.3 Shear strength of TSL
A shear strength experiment developed by Yilmaz (2007) comprised of a TSL cured
inside a steel ring, clamped between two plates. A steel punch of a slightly smaller
diameter was placed on the TSL and moved towards the void on the support ring placed
below the plates. As a result, the liner failed under shear. Later, Qiao et al. (2014a)
developed an improved punch test to determine the shear strength of TSL with different
glass fibre contents. In this modified test, the steel ring was replaced by the TSL plates,
and a cylindrical steel punch was used to puncture the TSL material. Results indicated
that the peak shear strength of the liner increased with increase in the glass fibre
reinforcement. Also, the post-peak behaviour of samples indicated ductile failure and no
significant effect of loading rate on shear strength of TSL materials.
2.5.4 Compressive strength of TSL
Uniaxial compression tests on glass fibre reinforced polymer cubes, having 40 mm sides
were carried out by Qiao et al. (2015b) at the University of Wollongong. Steel cube
moulds were used for sample preparation instead of cylindrical plastic tubes, as the plastic
mould melted due to excessive heat generated by the exothermic reaction and cracks were
formed in the TSL samples during the resin curing. The steel mould simplified the curing
process as multiple samples could be poured at the same time; however, it was difficult
to mix more than 1% of glass fibre into the mould. Nine samples were tested in total, with
3 samples each having no reinforcement, 0.5 % glass fibre reinforcement and 1% glass
fibre reinforcement, respectively. The average compressive strength increased with
increase in the glass fibre reinforcement, where unreinforced polymer samples had a
compressive strength of 77 MPa; 0.5% glass fibre reinforced polymer samples, 82 MPa;
and for 1% glass fibre reinforced samples, 87 MPa. The samples showed a linear elastic
behaviour followed by a strain-softening post peak behaviour, indicating significant
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reinforcement by the polymer liner during the initial stage of loading and it can retain
high residual loads during post failure loading. The material stiffness increased and the
strain value at the peak stress was found to decrease with increase in the reinforcement.
Ozturk and Guner (2019) carried out fifty uniaxial compressive tests on two different TSL
products (MasterRoc TSL-865 - flexible liner and Tunnel Guard – rigid liner) following
ASTM standards. The samples were prepared using moulds for MasterRock TSL-865
samples and coring for Tunnel Guard samples. The flexible liner showed ductile
behaviour and no failure state was observed, however, the rigid liner yielded at 2.5% axial
displacement. Effect of curing time was also studied; the flexible liner showed a bilinear
stress-strain behaviour and stress softening level increased for longer curing time. Rigid
liner on the other hand, showed linear stress-strain behaviour.
2.5.5 Creep behaviour of TSL
Creep performance is a design concern for a TSL as the liner can undergo creep even at
room temperature and exhibit a wide range of properties ranging from a rigid solid to a
viscous liquid depending on environmental and loading conditions (Guner and Ozturk,
2018). Tensile tests (ASTM-D638-10, 2010) and creep tests (ASTM-D2990-09, 2010)
were carried out on cement based TSL dog bone samples with different curing times of
1, 7, and 14 days. The liner cured for 1 day was found to fail within 50 hours, when a
tensile stress equivalent of only 50% of the tensile strength of the TSL was applied, which
emphasised the use of creep as a design parameter for TSLs along with ultimate tensile
strength. The study presented creep rupture envelops for different stress levels and curing
time, which can be used to estimate the effective permanent support time of the TSL,
however, the proposed creep rupture equations only considered tensile failure modes for
a particular type of liner. An investigation into creep behaviour including various failure
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mode and for other polymer types (cement based, polyurea, polyurethane, etc) under
varying temperature and humidity conditions was recommended.

2.6

TSL being developed at University of Wollongong (UOW)

Research at University of Wollongong was conducted to determine if it was possible to
replace steel mesh with TSL in the development of coal mine gateroads (Nemcik et al.,
2009). All the previous field tests indicated the possibility of replacing steel mesh with
polymer liners in the development of coal mine gateroads but it needed better adhesion
and strength properties, rapid curing time, the development of coal mine specific
automated spraying equipment and also a means of monitoring ground conditions after
application (Lukey et al., 2008).
There are mainly two types of TSL currently in the market: crosslinking polyurethane- or
polyurea- based systems and cement-reinforced water-dispersible systems based on
ethylene-vinyl acetate copolymer (Espley, 1999, Potvin et al., 2004). The narrow range
of polymers used for TSL have restricted the range of properties, and general applicability
and use of cementitious additives in TSLs has been found to increase the structural
strength but reduces the flexibility (Lukey et al., 2008). Some of the mechanical
properties of the Tough Skin polymer being developed at the University of Wollongong
in collaboration with the Australian coal mining industry are listed in Table 2.4.
2.6.1 Bearing capacity of TSL
A puncture test was designed to determine the influence of bearing plates and their shape
on the bearing capacity of Tough Skin polymer liner (Nemcik et al., 2011b). The bearing
load increased linearly with an increase in the diameter of steel discs used for loading.
Bearing capacity tests on uneven surfaces to simulate actual mining conditions were
recommended for the future.
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Table 2.4 Mechanical properties of Tough Skin polymer being developed at UOW
Mechanical property

Values

Tensile strength
(Shan, 2017)

15-20 MPa (unreinforced)
40-60 MPa (three sheets of glass fibre)

Compressive strength
(Qiao et al., 2015b)

77 MPa (unreinforced)
87 MPa (1% glass fibre reinforcement)

Shear strength
(Qiao et al., 2014a)

33 MPa (unreinforced)
40 MPa (one sheet of glass fibre)
52 MPa (two sheets of glass fibre)
67 MPa (three sheets of glass fibre)

Elastic modulus
(Shan, 2017)

2-3 GPa

Shear bond strength
(Qiao et al., 2015a)

1.74 MPa (dry coal substrate)
0.87 MPa (wet coal substrate)
2.82 MPa (dry coarse sandstone)
2.10 MPa (wet coarse sandstone)

Tensile bond strength
(Qiao, 2015)

0.51 MPa (wet coal substrate)
0.76 MPa (dry coal substrate)
3.32 MPa (dry coarse sandstone)
2.48 MPa (wet coarse sandstone)

Flexural strength
(Shan, 2017)

20- 40 MPa (unreinforced)
90 MPa (three sheets of glass fibre)

2.6.2 Tear strength of TSL
Two failure modes were observed: tear failure due to the movement of TSL through rock
bolts and trouser tear due to differential movement of strata (Nemcik et al., 2013). The
tests indicated TSL might not be able to resist tear action at high loads, but with glass
fibre reinforcement, tear can be reduced. Trouser tear test resulted in delamination of fibre
layers in some tests.
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2.6.3 Ultimate strength testing
Non-destructive tests (Nemcik et al., 2009) using 1 tonne of terracotta pavers were
conducted on a 1 m by 0.8 m Tough Skin liner and steel mesh having similar dimensions,
Fig. 2.14. Test results for the polymer indicated 40% less deflection than that of steel
mesh, however, none of the samples failed.

Fig. 2.14 Non-destructive tests FRP liner vs steel mesh (Nemcik et al., 2009)
A new test setup was designed to determine the ultimate capacity of the polymer liner
(Nemcik et al., 2011a). A 500 tonne Avery compressive machine was used to load the
polymer liner in four different tests. In the first test, air bags were placed on the polymer
liner for even distribution of load, however, the bags were found to puncture and deflate
before the load reached the ultimate strength of the liner. In the second test, a 150 mm
diameter circular steel seat with 5 mm thick rubber matt at the contact surface was used
to apply load. The polymer sheet failed at a load of 45 kN, which was less than the load
applied in the test with air bags where the polymer sheet did not fail. The location of
failure in the steel seat test was directly below the point of loading which resulted in
concentrated loading and tear of the polymer sheet. In the third test, terracotta pavers
bonded to the polymer liner were loaded using pressurised air bags to prevent any stress
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concentrations caused due to the steel seat. The air bags were pressurised to 220 kPa to
minimise deflection, however the test was stopped at a load of 100 kN, as airbag damage
was predicted due to excessive air pressure. In the final test, a steel seat was used to load
the terracotta pavers polymer liner. Use of three layers of pavers along with a rubber mat
distributed the load uniformly and minimised any early polymer tear due to stress
concentrations. The pavers were found to debond with the liner during the loading
process. The debonded Tough Skin liner had an ultimate strength in the order of 4 - 10 t,
and tested steel mesh types did not exceed those value, which indicated that the liner when
bonded to strata can provide even better support than steel mesh (Nemcik et al., 2011a).
2.6.4 Guttering experiment
Large scale tests were conducted to evaluate the reinforcement capacity of a TSL and
compare it with a welded steel mesh in supporting a coal mine strata subjected to guttering
(Shan et al., 2014b). The fractured strata were simulated using triangular concrete prisms
in a rectangular block and oriented as shown in Fig. 2.15a, to simulate failed bedding
planes and shear fractures. Two samples were prepared, one having TSL reinforcement
and another one supported by steel mesh. The samples were compressed at the top and
bottom surface to simulate a high lateral stress environment and were forced to expand
laterally, as observed in a guttering failure. The concrete prisms in steel mesh reinforced
sample were found to slip and move, which indicated that steel mesh can only provide
support after an initial displacement, Fig. 2.15b. The debonding of the TSL sheet and
less movement of the concrete blocks were observed in the TSL reinforced sample, Fig.
2.15c.
Both steel mesh supported and polymer reinforced samples had similar behaviour up to
40 mm deformation, Fig. 2.16, however, the polymer reinforced sample had stiffer
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behaviour after 40 mm and sustained about 450 kN load at 80 mm deformation compared
to 160 kN in the steel mesh supported sample at the same deformation, which showed
that the TSL support action against guttering failure was considerably better than the steel
mesh, and the TSL can limit high deformation in the strata by forming a composite with
the substrate. The maximum load for the samples was not compared as the experiments
were stopped due to the failure of one of the steel bolts for the polymer supported
specimen and lack of space between front surface of the sample and the laser displacement
sensor for the steel mesh supported specimen.

(a) Test setup

(b) Steel mesh supported

(c) Polymer liner supported

Fig. 2.15 Guttering experiment (Shan et al., 2014b)

Fig. 2.16 Load vs deformation result - guttering experiment (Shan et al., 2014b)
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2.6.5 Strata with weak bedding planes
The reinforcement capacity of welded steel mesh and a TSL in restricting buckling failure
of strata having weak bedding planes was compared using large scale experiments (Shan,
2017). Three rectangular concrete blocks having thin plastic sheets embedded in them
were prepared. The plastic sheets were used to simulate the bedding planes. The first
sample had no reinforcement, the second one was reinforced with welded steel mesh and
a 5 mm thick fibre reinforced polymer (FRP) was bonded to the third sample, Fig. 2.17.
All samples were compressed using a 500 t Avery testing machine.

Fig. 2.17 Bedding plane experiment (Shan, 2017)
The unreinforced sample failed at a load of 2494 kN when cracks occurred in the weak
bedding planes region, however, the mesh reinforced sample failed at a lower load of
2321 kN due to failure of the one of the four rock bolts during loading. The polymer
reinforced sample showed three stages of loading. The polymer liner was bonded to the
concrete blocks during the first stage of loading and buckled together with concrete blocks
under compression. With increase in loading, the debonding of the liner was observed
and a gap formed between the liner and the concrete, which resulted in total load being
carried by the concrete block in the second stage of loading. The third stage of loading
began when concrete again deformed enough to touch the polymer and then the two
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materials resisted the buckling load together. The peak load of 2856 kN was observed
when the polymer sheet failed in shear caused by the steel bearing plates. The polymer
liner started acting as a composite from the first stage of loading and showed the stiffest
load vs displacement curve compared to other two samples, however, the steel mesh
reinforced sample did not prevent lateral deformation until a certain displacement
occurred.
2.6.6 Buckling strength of TSL
The reinforcement capacity of TSL and steel mesh when supporting a coal mine roof
strata subjected to buckling was compared using large scale experiments (Shan et al.,
2018). Four hydrostone slabs with a 50 slope at the middle section to initiate buckling
were bolted together and loaded under displacement control mode. Four types of samples
were tested, the first one without any skin reinforcement, the second one was supported
by steel mesh and the third and fourth samples were reinforced by two TSLs, namely:
FRP X and FRP Y, respectively, Fig. 2.18.
The unreinforced sample showed tensile failure near the middle of the hydrostone slabs
as soon as a tensile crack initiated in the outer slab. The steel mesh supported specimen
also failed in a similar fashion, with tensile cracks originating in the outer slab and then
propagating to the three other slabs. A shear crack in the outer slab, followed by tensile
cracks in the three other slabs were observed in the TSL supported specimens. The load
was found to increase slowly with the vertical displacement, Fig. 2.19a, due to the
presence of gaps between the plaster slabs, which created slack in the system. A critical
point where there was a sudden increase in the slope of the curve for both the steel mesh
and polymer samples, represented the start of support action by the steel mesh and
polymer liner.
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Fig. 2.18 Failure behaviour of specimens in the buckling experiment (Shan et al., 2018)
Effective stiffness of the tested samples was determined to compare the reinforcement
capacity. The overall stiffness and effective stiffness (Table 2.5) were calculated using
Eq. 2.3 (Shan et al., 2018). The TSL reinforced samples had higher effective stiffness
than steel mesh samples, because the polymer liner formed a composite system by
adhering to the hydrostone plaster slabs. On the other hand, there was a 1 mm gap in one
of the steel mesh supported specimens, which resulted in its low effective stiffness,
confirming that the steel mesh could not resist the buckling load until 2.5 mm lateral
deflection (Fig. 2.19b), when the plaster and mesh came into contact.

=
Where:

,

=

is overall stiffness (kN/mm),

(2.3)
is peak load (kN),

is displacement at peak load (mm),
is load at critical point (kN) and

is effective stiffness (kN/mm),

is displacement at critical point (mm).
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(a)

(b)
Fig. 2.19 Load vs deformation plots for the buckling experiment (Shan et al., 2018)
Table 2.5 Stiffness of the buckling samples (Shan et al., 2018)
Sample

Overall stiffness
(kN/mm)

Effective stiffness
(kN/mm)

Unsupported sample 1

43

54

Unsupported sample 2

32

48

Steel mesh supported sample 1

70

98

Steel mesh supported sample 2

48

62

FRP liner supported sample 1

107

154

FRP liner supported sample 2

71

99
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The unsupported samples failed in a brittle manner and the post-peak load dropped
immediately, Fig. 2.19a, however, the reinforced samples were able to sustain some load
after a substantial drop from peak load, Table 2.6.
Table 2.6 Results of buckling tests (Shan et al., 2018)
Sample

Peak load
(kN)

Cracking load
(kN)

Residual strength
(kN)

Unsupported sample 1

66

57

0

Unsupported sample 2

60

54

0

Steel mesh supported sample 1

128

92

-

Steel mesh supported sample 2

98

43

18

FRP liner supported sample 1

200

104

31

FRP liner supported sample 2

143

102
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2.6.7 Load bearing capacity
Load bearing capacity of TSLs and welded steel mesh was compared using full scale
laboratory tests (Shan et al., 2019). Two types of steel mesh sections, roof mesh and rib
mesh, having dimensions 1.35 m by 3.6 m and 1.5 m by 4 m, respectively, were tested in
a full-scale pull testing facility (Shan et al., 2014a, Porter et al., 2014). The roof mesh
section had 5 mm diameter longitudinal and transverse steel wires with 7 mm longitudinal
reinforcing wires (spaced at 1 m) to go under bolt plates. The rib mesh section had 4 mm
diameter steel wires without any reinforcement. A 300 mm diameter spherical dome was
used to apply load, instead of a standard square platen, to simulate the underground
loading conditions of a coal mine roof and rib.
The roof mesh with stronger steel wires showed higher load capacity than the rib mesh,
48 kN for roof mesh and 21 kN for rib mesh. Both mesh sections had similar response up
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to 310 mm of displacement, however, slippage was observed in the rib mesh section
followed by wire failure near the load bearing plates. The roof mesh failed with wire
failure near the loading dome, Fig. 2.20.

Fig. 2.20 Failure behaviour of the roof and rib mesh sections (Shan et al., 2019)
Two types of experimental polymer (A and B) with layers of glass fibre sheet
reinforcement were used as the liner. One of the liners was also bonded to a fractured
concrete layer to simulate the ability of TSL to form a composite layer with the rock
substrate. Four sheets were prepared in total and were loaded in a specifically fabricated
steel frame (Shan et al., 2019).
The test results indicated that a higher the level of glass fibre percentage not only
increased the load bearing capacity of the liner, but also enhanced the post-failure
behaviour. The polymer with three layers of glass fibre reinforcement indicated a residual
strength of 8 kN, against no residual strength in the case of polymer liner with two layers
of glass fibre. The TSL made from less stiff polymer showed lower load bearing capacity,
however, a better post failure behaviour was observed in case of the less stiff polymer.
The TSL bonded to the concrete layer had a maximum load bearing capacity, 51 kN and
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had an increase in residual strength with increase in displacement, followed by total
failure. The bonded TSL liner was stiffer than both steel mesh sections, suggesting when
applied in-situ, it can provide better support and confinement by bonding to the rock. The
formation of a composite material by the liner bonding to the substrate also provided
higher bearing capacity at very low displacements. The experiments showed that TSLs
can replace steel mesh in certain underground loading conditions by adhering to the rock
mass. In the following section, numerical models developed to understand the support
mechanisms of thin spray on liners are reviewed.

2.7

Numerical Modelling

The rock mass is a natural geological material; as such its engineering or physical
properties cannot be defined through the manufacturing process, but need to be
established. It is a discontinuous, anisotropic, inhomogeneous and non-elastic (DIANE)
material (Hudson and Harrison, 2000), which makes it a very difficult material to
represent mathematically by numerical methods.
A numerical model needs to integrate various features during conceptualisation such as a
representation of relevant physical processes through mathematical equations,
constitutive laws with variables, pre-existing state of rock stress and other environmental
conditions, presence of natural fractures and variations in properties with location,
direction and time (Jing, 2003).
2.7.1 Numerical modelling methods
The most common numerical methods for rock engineering design are listed in Table 2.7.
Constitutive models for rock, failure criteria, damage mechanics models, rock fracture
models are important components of numerical modelling in rock engineering and various
attempts to include them are reviewed in the next section.
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2.7.2 Rock Modelling
a) Constitutive Models
The basic constitutive models for rocks are based on elasticity and plasticity theories.
Linear elasticity is described using Hooke’s law, characterised by two material properties,
elastic modulus (E) and Poisson’s ratio (ν) assuming continuous, homogenous, isotropic
and linear elastic (CHILE) behaviour. Singh (1973) derived constitutive equations for an
anisotropic rock mass containing an orthogonal set of discontinuous joints. Plasticity and
elastic-plasticity models are most commonly integrated using Mohr-Coulomb and HoekBrown failure criteria as yield functions (Hoek and Brown, 1997, Hoek, 1983). Plastic
behaviour of rock can be classified into strain-hardening and strain-softening.
b) Failure Criteria
Failure

criteria

are

used

as

the

yield

surfaces

and

plastic

potential

functions. The most common used models are the Mohr-Coulomb and Hoek-Brown
criteria. Also, some models are developed as variation of the two such as the
dimensionless form of the Mohr-Coulomb criteria (Pariseau, 1994), the modified MohrCoulomb criterion for layered rocks (Lai et al., 1999), failure criteria of anisotropic rocks
(Duveau et al., 1998) and shear failure envelope for modified Hoek-Brown criterion
(Kumar, 1998).
c) Damage Mechanics Models
The degradation in strength of the rock mass is due to the presence of discontinuities such
as faults, joints and fractured zones. Damage mechanics theory proposed to predict the
time of creep rupture by Kachanov (1958) has been applied to study this behaviour of
rocks and concrete. An elastoplastic constitutive law was proposed relating plastic
dilation directly to this damage (Dragon and Mroz, 1979). Kawamoto et al. (1988)
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proposed use of a damage tensor to represent the state of discontinuities present in the
rock and validated it using artificial rock-like materials with some patterned cracks.
Table 2.7 Comparison of common numerical methods in mining practice (Jing, 2003,
Jing and Hudson, 2002)
Continuum methods
Finite
difference
method (FDM)
[FLAC]

Straightforward simulation of constitutive material behaviour,
plasticity and damage, but inflexible in dealing with fractures,
complex boundary conditions, material heterogeneity.

Finite element
method (FEM)
[ANSYS,
ABAQUS]

Flexibility for material heterogeneity, nonlinear deformability,
complex boundary conditions, in-situ stresses and gravity.

Boundary
element method
(BEM)

Better accuracy at same discretization level, efficient in fracture
propagation analysis.

Large scale fracture, block rotations, detachment cannot be treated
due to the continuum assumption.

Material heterogeneity, nonlinear material behaviour cannot be
simulated efficiently.
Discrete methods
Distinct
element method
(DEM) [PFC,
DMC, UDEC]

Large displacement due to block rotation, fracture opening and
complete detachment is straightforward.

Discrete
Fracture
Network (DFN)

Special discrete model to simulate fluid flow and transport
processes in fractured rock masses through a network of connected
fractures.

Most suitable for moderately fractured rock where number of
fractures are too large for continuum approach.

Lack of geometry of rock fractures limit applications.
Hybrid continuum/ discrete methods
DEM/BEM
DEM/FEM
FEM/BEM

Needs coupling algorithms, continuity conditions at interfaces for
implementation.
Combination of two approaches can overcome mentioned
limitations.

42

Homand-Etienne et al. (1998) used tri-axial compression tests to calibrate the continuous
damage model, which reproduced most of the characteristics of a damaged zone around
an underground opening excavated into brittle rocks.
d) Fracture Models
The rock fractures can be modelled by two approaches: empirical and theoretical. The
constitutive relations are formulated in terms of contact traction, relative displacements,
apertures and flow rates, instead of stresses and strains as used in continuum approaches.
Goodman’s model (Goodman et al., 1968) and Barton-Brandis model (Bandis et al.,
1983) are the well-known empirical models besides classical Coulomb or Mohr-Coulomb
friction laws. Other empirical models of rock fractures implemented are continuously
yielding model in UDEC (Itasca, 2004), micro-mechanics based model and disturbed
state (DSC) based models and their variations (Dong and Pan, 1996, Desai, 1995, Liao
and Hencher, 1997).
Theoretical models are developed using plasticity theory based on plastic deformation
and shear stress-displacement of rock fracture components. Contact mechanics principles
for rough surfaces have also been used to develop the fracture models. Joint Roughness
coefficient proposed by Barton (Barton and Choubey, 1977, Barton, 1973) was developed
by roughness characterization of rock fractures.
Other than fractures, the interface between different materials like soil, backfilling
material and reinforcement elements (bolts, grouts, cables) have been modelled and
reported (Jing, 2003). Since, the interaction of polymer liner with rock substrate at the
interface contributes mainly to its support capacity, its modelling has caught attention and
works done are reviewed next.
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2.7.3 TSL Modelling
a) Modelling liner material
The approach towards modelling TSL behaviour can be divided into two parts: modelling
the TSL liner and modelling the interaction between the liner and the rock surface.
Discussion of the interface modelling follows in section 2.6.4. The first attempt to create
a simple model of the liner material and calibrate its properties was made by Tannant and
Wang (2004). They used particle flow codes (PFC) to simulate a direct tension test on
liner material using assemblies of arbitrarily sized circular two-dimensional particles. The
discrete model for the tensile test could approximate the behaviour until the peak stress,
but failed to simulate the post-peak plastic behaviour of the liner. The laboratory data
showed significant plastic deformation after the peak stress, but the model indicated
brittle failure.
Malan and Napier (2008) modelled the liner interaction at a tunnel interface using the
displacement discontinuity boundary element method (DBEM). For the liner material, a
perfectly elastic behaviour was assumed initially, but in practice plastic deformation was
observed, so, the behaviour of interface element where liner was attached to surface was
amended by introducing a constitutive law to indirectly modify the liner behaviour. Dirige
and Archibald (2009) used Mohr-Coulomb failure criteria for the rock and TSL at a tunnel
surface. Rock was modelled as an elastic isotropic, strain softening material and shell
structural elements were used to model the liner support. A compression wave simulating
a rock burst was generated in FLAC3D and the failed material which detached from the
intact rock were seen to be held by the TSL material, once the steady state was reached.
Thus, the simulations indicated significant support potential of TSL against gravity falls
of loose rock.
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The prominent failure modes in an adhesion test based on direct pull out system are edge
crack propagation, edge crack fingering, internal crack propagation and cavitation. The
first three modes related to cracks at interface are governed by energy release rate, but
cavitation and bulk fingering are governed by stresses within the TSL. So, an analytical
relationship between average normal stress and energy release rate along the edge was
developed by Ozturk (2012) to predict the transition from interfacial to TSL bulk failure
modes. As a result, failure maps for TSL were postulated for the adhesion test scenario
using a fracture mechanics approach.
Distinct element numerical models using two dimensional Particle Flow Code (PFC2D)
were developed by Ozturk and Guner (2019) to simulate the compressive tests carried out
on TSLs in the laboratory. The calibration of PFC models was done by varying
microscopic parameters like elastic stiffness of the parallel bond between particles to
match laboratory Young’s Modulus and overall normal and shear strength of the parallel
bond to match actual failure stress by trial and error iterations. The simulation results can
closely replicate the elastic region of the stress-strain behaviour of the polymer liner,
however, the model can work only for brittle TSL material and there is need to replicate
the post-peak plastic behaviour for ductile or viscoelastic TSLs.
b) Related Modelling Attempts
Fibre reinforced polymer (FRP) laminates are the most common method for strengthening
and rehabilitating concrete structures, but they easily peel off. Partial or complete debonding and shear delamination characteristics have led to many research works in the
area of sprayed FRP (SFRP). Lee et al. (2005) developed a computational model for
simulating the performance of SFRP and its capability in increasing the bending and shear
capacity of reinforced concrete beams. The model included a damage constitutive model
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comprising nucleation of micro-cracks and interfacial fibre damage, proposed by Lee
(2001) and Karihaloo and Fu (1989), as a user subroutine scripted into finite element code
ABAQUS. Further, the predictions made by the model were verified with experimental
data.
2.7.4 Interface Modelling
The bonding of the liner at the interface of the rock substrate determines the support
potential of TSLs. The numerical model needs to integrate the interface behaviour and
should be able to predict its delamination. Empirical models and analytical equations have
been developed to model the interface behaviour. The following section reviews the
attempts made so far.
a) Empirical Modelling
In their attempt to model the TSL liner with PFC model, Tannant and Wang (2004) used
parallel and contact bonds to represent the contact interaction. Normal and shear stiffness
were used to represent the contact stiffness. A PFC2D block punch model was used to
simulate a punch test, with the upper part of model having rock properties and the lower
having liner properties. The liner failed by bond rupture due to tensile and compressive
loading and de-bonding before rupture if modelled with low adhesion specified by bond
strength values. Calibration issues arose as a 25mm thick liner in the punch model has
similar breaking load as a 4 mm thick liner in reality. When modelled at a tunnel interface,
the liner had little effect on generation and growth of fractures in rock, but was able to
hold the fractured rock and reduce displacements around the tunnel.
In the edge-collocation model used by Malan and Napier (2008), the joint slip profiles
with and without liner was calibrated using stiffness data. A time dependent deformation
model of a tunnel subjected to vertical and horizontal stresses was simulated. The net
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energy release increments in each time step for simulation with and without a liner were
compared and it was realised that the benefit of using a liner can be lost if it is not installed
soon after the excavation. However, the edge-collocation model needed further
improvements as it was inefficient in characterising the behaviour of liner material which
penetrated surface joints.
b) Analytical Modelling
Mason and Stacey (2008) investigated the support provided by sprayed liners by
analytically calculating the stress and displacement in rock surrounding a long cylindrical
excavation having circular cross section, subjected to uniform shear stress at infinity.
Three models having no penetration of liner material into joints and fracture in first, up
to full length in second and some extent in third, showed a significant decrease in
magnitude of stress, strain energy due to distortion, displacement and rotation of the rock
at the interface. However, the first model showed greater decrease in rotation in the block
by shear stress, as in other two models the thin layer of liner at the surface was neglected.
There were many limitations with this model. The rock was assumed to behave elastically
in the failed region. Also, in second and third models, the elastic modulus of fractured
rock with penetrated by liner material was assumed to be same as the un-fractured rock,
thus making the model independent of material properties of liner.
Later, Mason and Abelman (2009) modelled a system of two liners, firmly bonded to each
other and to the surface of the excavation, without any penetration of liner material into
the rock mass. The excavation was perturbed by a uniform shear stress at infinity and the
analytical results indicated a greater decrease in rotation of blocks by the presence of a
thicker and stiffer liner.
Promotion of block interlock, a mechanism by which a sprayed-on material provides
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support by filling the cracks in the rock face, and thus reduces the stress intensity at crack
tips and prevents the further crack propagation has been studied by Fowkes et al. (2008)
through an analytical model. The solutions indicated that an elastic filler material having
very small shear modulus compared to rock can inhibit both tensile and shear failure and
can be used for effective crack repair.
c) Cohesive Zone Modelling Attempts
The linear-elastic fracture mechanics (LEFM) principle defines three different types of
pure crack modes, tensile, in plane shear and anti-plane shear (Atkinson, 2015). Also,
mixed modes may occur as a combination of any of the above three modes. Developed
from works of Dugdale (1960) and Barenblatt (1962) cohesive zone method (CZM) has
been successfully used to investigate these fractures in homogenous solids. Cohesive zone
is defined as an interface between the structure faces where the crack advance will take
place and cohesive elements are introduced in the process. The constitutive behaviour of
the cohesive elements which are used to model the behaviour of crack is defined by the
traction-separation laws.
CZM has been used to model a pre-cracked bonded double cantilever beam specimen in
a tensile loading scenario. The fracture in adhesive bonded joints has been simulated in
finite element commercial code ABAQUS by Alfano et al. (2007). The fracture process
starts with linear elastic behaviour of material leading to crack initiation as the load
increases, then crack evolution characterized by cohesive elements and finally the
complete failure with the appearance of new traction free crack surfaces.
Li et al. (2005) has used CZM method to model the mode-I fracture of the adhesive bond
between two adherends made of a polymer-matrix composite. The cohesive parameters
like characteristic strength of specimen and toughness values for the interface were
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obtained from the plots of applied load vs displacement for a bonded double cantilever
beam. The cohesive elements were assumed to follow triangular separation traction law.
The cohesive strength of the specimen was also included in the traction separation law.
The simulation showed that the failure could occur either along the interface or in the
specimen arms. The transition of failure was not explained as the tensile mode setup uses
only energy criterion for fracture.
Previous work done was extended by Li et al. (2006) to model the fracture in an adhesive
zone using mixed mode approach. The mode II cohesive zone parameters i.e. shear
strength of interface were determined using a sandwich end-notch flexure specimen.
Now, both mode-I and mode-II interface parameters were used to investigate a mixed
mode configuration in laboratory and in numerical simulation. The numerical results
predicted both strength of joints and the failure mechanism with good accuracy.
Cohesive zone definition can be done using the cohesive elements or the cohesive surface
in ABAQUS. Surface based cohesive behaviour is an interaction property, not a material
property, so a traction separation relation is needed to define the behaviour, as well as
damage initiation and evolution laws to start the process of degradation of interfacial
bonds. The application of cohesive zone method to model the shear behaviour of
shotcrete-rock interface in a direct shear test arrangement as a surface property can be
seen in the works of Tian et al. (2015). The bond failure process was classified into three
stages, elastic stage, bond failure stage and friction sliding stage. The bond failure stage
was characterised by degradation of the cohesive stiffness of the interface using a damage
law. The comparison of numerical and experimental results indicates accuracy of CZM
in describing the bond failure at a shotcrete-rock interface.
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2.8

Summary and Conclusions

Rock and cable bolts are the primary reinforcement used for strata support in an
underground coal mine. Secondary reinforcement, or surface support, such as steel mesh
has been used extensively over the years, however, steel mesh is found to provide support
only after rock mass deformation and the rock comes in contact with it. One of the key
concerns related to the ground support system in a coal mine working is the need for
effective surface support, which can be applied using automated equipment for rapid
roadway development and is sustainable and cost effective. Steel mesh being a passive
support system and prone to corrosion, has limitations, and the ability of thin spray-on
liners to provide active support to the strata by adhering to the rock mass has shown
potential in replacing steel mesh.
Previous research has explained the support mechanisms and various loading and failure
behaviour of thin spray-on liners and identified that the ability of TSL to form a composite
system with the rock substrate by tensile and shear bonding is one of the most desirable
properties. Experiments carried by the researchers in the field of TSL all over the world
to determine the mechanical properties of TSL and compare its reinforcement capacity
with steel mesh, have indicated its potential in supporting the strata in various loading
scenarios is better than the steel mesh. There is a need for numerical models to explain
and predict TSL behaviour since carrying out large-scale experiments can be very costly
and time-consuming.
Current approach towards the numerical modelling of TSL materials is very limited.
Some analytical and numerical models have been developed to describe the behaviour of
TSL by simulating experimental results like adhesion failure and reinforcement
comparison with steel mesh. The models developed so far, assume the same modelling
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concepts for rock and the polymer and thus neglect the effect of material characteristics
of the polymer liner. Also, in some cases linear elastic behaviour for both rock and
polymer is assumed.
The interface between rock and polymer has been modelled using contact bond approach
in PFC, but the results predicted were not in congruence with experimental results.
Calibration of laboratory experiments like compressive tests of the liner was done in
PFC2D using trial and error iterations, however, only elastic behaviour of parallel bonds
between particles was considered and numerical results were found to simulate the
behaviour of liner in the elastic region. Some analytical equations have also been
developed to model the interface between the polymer liner and the rock mass,
considering the effect of penetration of liner material into the rock cracks and fractures.
A new model needs to integrate separate property and failure criteria for rock and the
polymer. Cohesive zone modelling used successfully in case of fibre reinforced polymer
and shotcrete rock interface can be used for modelling the rock-polymer interface. The
delamination of polymer liner can be predicted by providing the bond strength values and
bond damage conditions in the model. Laboratory investigations can be used for further
verification and calibration of the model. The calibrated model can be used to simulate
large scale experiments to compare the reinforcement capacity of the liner with steel mesh
and can be further extended to mine scale numerical modelling.
In chapter 3, laboratory experiments were carried out on rock substrate and polymer liner
to estimate their mechanical properties and estimate the input parameters for numerical
modelling. Small-scale flexural tests were also carried out on polymer coated plaster
beams to investigate the reinforcement potential of liner and the results were used to
validate the developed numerical models.
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Chapter 3
Experimental Studies
3.1

Introduction

Thin spray-on liners are active ground support system which forms a composite with the
rock mass when applied in underground mine roadways. A numerical model simulating
the behaviour of the polymer liner was developed in this study. Before developing the
numerical models, a series of laboratory experiments were required to determine the input
parameters for numerical modelling. This chapter lists the experimental tests carried out
to estimate the mechanical properties of the substrate, hydrostone plaster and the polymer
liner. Uniaxial compressive, Brazilian disc and tri-axial compressive tests were carried
out on cylindrical hydrostone plaster specimens. Laboratory experiments such as uniaxial
compressive and tensile tests were also carried on the polymer liner samples to determine
the mechanical properties. The mechanical properties estimated from the laboratory tests
and previous research work carried out at the University of Wollongong were used to
determine the input parameters for the numerical modelling in Chapter 4.
Besides the tests conducted to determine the mechanical properties of the liner, a series
of small-scale flexural tests on plaster and polymer-coated plaster beams were completed.
The plaster beams without any polymer liner were loaded under four-point bending test
setup. Beams having rectangular and V-shaped notches were also investigated. The
plaster beams with a 5 mm thick polymer liner were also tested under similar setup, and
the effect of polymer reinforcement was studied. Notched plaster beams filled and coated
with the polymer liner were also tested to examine the effect of polymer liner penetrating
the rock joints and cracks upon application to the roof and rib.

52

3.2

Mechanical Properties of Hydrostone

Hydrostone, i.e. gypsum plaster and 5% Portland cement, was selected as the substrate
for the polymer bonded tests in this study. Various laboratory tests such as the uniaxial
compressive test, tri-axial compressive test and Brazilian disc test were conducted to
determine the mechanical properties of the hydrostone plaster. All tests were conducted
following the International Society of Rock Mechanics standards (Bieniawski and
Bernede, 1979, Vogler and Kovari, 1978). The mechanical properties estimated were
tensile strength, compressive strength, elastic modulus, Poisson’s ratio, cohesion and
internal angle of friction.
3.2.1 Sample Preparation
Hydrostone is a high compressive strength plaster which can be prepared and reproduced
easily. Hydrostone plaster samples were prepared by mixing the plaster and water in a
weight ratio of 3.5:1. Both hydrostone and water were accurately weighed as the waterto-hydrostone ratio is critical to the strength and density of the final cast. The water
temperature should be in the range of 21 – 37°C, as the temperature of the mix affects the
set time. Before mixing the batch, the plaster was sifted into the water slowly and evenly
and was soaked in the water for 2 to 4 minutes. The soaking allowed each plaster particle
to be completely saturated with water and removed any air present around plaster
particles. The final strength of the plaster cast is also determined by the mixing. As the
mixing time is increased the strength of the cast increases, however too long mixing time
may cause the plaster to set which can decrease its strength. The batch was mixed for 78 minutes to obtain a creaming of the plaster slurry and to allow 5 minutes to pour the
slurry into the moulds before the setting action begins. The slurry was poured slowly into
a cylindrical mould having 54 mm diameter and 120 mm height and allowed to cure at
room temperature for one hour before taking it out of the mould. The samples were then
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placed in an oven at 40℃ to dry over two weeks.
After the two weeks period, the plaster cylinders were taken out of the oven and were
polished to make smooth and parallel surfaces for uniform load application. Two sets of
hydrostone cylinders having 27 mm and 108 mm height were prepared for the Brazilian
disc tests and the compressive tests, respectively.
3.2.2 Uniaxial compression tests and results
A servo-controlled machine was used to carry out the compression tests on five
hydrostone samples, Fig. 3.1. The load was applied under displacement control mode at
1 mm/min. Strain gauges were attached to samples in axial and radial directions to
determine the elastic properties. The uniaxial compressive strength for the samples was
calculated according to Eq. 3.1. The uniaxial compression test results are listed in Table
3.1.
=
Where:

⁄

(3.1)

= axial stress (MPa), P = failure load (N) and A = cross sectional area (mm2).

Fig. 3.1 Uniaxial compression test setup for the hydrostone plaster
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Table 3.1 Results of compression tests on hydrostone samples
Sample no.

Failure load

Compressive strength

(kN)

(MPa)

1

142.6

60.7

2

137.6

58.6

3

145.7

62.2

4

142.7

61.0

5

140.9

60.4

Average

142 kN

60 MPa

The elastic modulus is determined by averaging the slopes of the straight-line portion of
the axial stress-strain curve and the Poisson’s ratio from the slope of the radial vs axial
strain curve as shown in Fig. 3.2. The average elastic modulus and the Poisson’s ratio
were found to be 18 GPa and 0.24, respectively.

Fig. 3.2 Results of uniaxial compression test on the hydrostone samples
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3.2.3 Brazilian disc tests and results
A servo-controlled machine was used to conduct the Brazilian disc tests on hydrostone
samples, Fig. 3.3. The indirect tensile strength of hydrostone specimens was determined
using the following Eq. 3.2, (Bieniawski and Hawkes, 1978). Table 3.2 lists the
experimental results obtained.
=
Where:

⁄

(3.2)

= indirect tensile strength (MPa), Pf = failure load (N),

d = diameter of the sample (mm) and t = thickness of the sample (mm).

Fig. 3.3 Brazilian disc test setup for the hydrostone plaster
Table 3.2 Results of the Brazilian disc tests on hydrostone samples
Sample no.

Failure load (kN)

Indirect tensile strength (MPa)

1

18.9

8.1

2

21.6

9.3

3

17.8

7.6

4

18.2

7.8

5

18.8

8.5

6

19.3

8.2

Average

19 kN

8 MPa
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3.2.4 Tri-axial compressive tests and results
Tri-axial compression tests were done on cylindrical hydrostone samples of 54 mm
diameter and 108 mm length according to ISRM suggested methods (Vogler and Kovari,
1978). As a result, cohesion (c) and internal angle of friction ( ) were determined directly
by plotting the peak value of axial stresses (i.e. tri-axial compressive strength, σ ) and
corresponding confining pressure (σ ). Using the parameters c and , the theoretical
compressive (σ ) and tensile (σ ) strength of the plaster can also be estimated by
putting σ = 0 and σ = 0, respectively, in Eq. 3.3 and Eq. 3.4 (Labuz and Zang, 2012).
The tri-axial compression tests results are listed in Table 3.3.
(
=

)=(

−

⁄( −

+

)

) and

+
=

(3.3)
⁄( +

)

(3.4)

Table 3.3 Results of tri-axial compression tests on hydrostone samples
No. of
samples

Confining
pressure (MPa)

Average axial
load (kN)

Average axial
strength (MPa)

3

1

173.3

72.1

3

3

181.1

78.0

3

5

194.0

80.3

3

7

199.1

85.8

3

10

218.1

93.4

The test results were used to determine the cohesion and the internal angle of friction,
Fig. 3.4. The average cohesion and internal angle of friction were found to be 20 MPa
and 28°, respectively. The theoretical compressive strength of the plaster was determined
to be 66 MPa, which was close to the experimental value, however, the theoretical tensile
strength, 24 MPa was found to overestimate the experimental tensile strength value (σ =
57

and σ = 0). For tensile failure, a tensile cut-off value equal to the experimental
tensile strength,

= 8 MPa is introduced. The tensile cut-off failure plane is

perpendicular to σ =

(Labuz and Zang, 2012).

(a)

(b)

Fig. 3.4 Mohr circles for hydrostone samples
3.2.5

Summary of results

The average results of tests on hydrostone plaster specimens are listed in Table 3.4.
Table 3.4 Mechanical properties determined from the experimental results
Parameters

Unit

Values

Elastic modulus

GPa

18

Poisson’s ratio

0.24

Uniaxial compressive strength

MPa

60

Indirect tensile strength

MPa

8

Cohesion

MPa

20

°

28

The angle of internal friction
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3.3

Mechanical Properties of Polymer

The TSL being developed at the University of Wollongong is of limited quantity, so
Polyplex, an isophthalic resin prepared from unsaturated polyester was used for
conducting experiments. It has similar mechanical properties as the TSL and was readily
available.
3.3.1 Sample preparation
A steel cube mould was used for preparing the polymer specimens for compression tests.
The mould surfaces were greased to ensure easy removal of the samples. The polymer
components were mixed evenly according to the manufacturer’s recommendations, and
the mix was poured into the mould to prepare cubical specimens having 40 mm sides. It
was practically impossible to mix more than 1% of glass fibre into the mould, indicated
by research work conducted previously at the University of Wollongong (Qiao et al.,
2015b). Therefore, an unreinforced polymer was prepared in this study and the
compressive strength determined was used for numerical modelling as a lower limit. Six
cubes were prepared using the mould by a single mixing process. The mixture was
allowed to cure at room temperature, and then samples were cured in a 40° C oven for 24
hours.
For tensile tests, dog-bone samples were prepared following Australian Standard 1145.22001. Samples were reinforced with two layers of glass fibre sheet amounting to 12%
reinforcement by weight. For glass fibre reinforcement, the polymer mix was divided into
three equal batches. The first batch of the polymer was poured and evenly spread in the
mould. After that, the first glass fibre sheet was placed on top of it. The same process was
repeated for another layer of polymer and glass fibre sheet as before. Finally, the last
batch of the polymer was poured and left to cure at room temperature for a few hours.
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The samples were placed in a 400 C oven for 24 hours after removing them from the
moulds. Specimens were also prepared without any fibreglass sheets, to investigate the
effect of glass fibre reinforcement on the tensile strength.
3.3.2 Test procedure and results
A servo-controlled machine was used to carry out the compression tests on five cubical
polymer samples, Fig. 3.5a. The compressive tests of polymer specimens indicated linear
elastic behaviour up to 5-6% strain, Fig. 3.6, followed by a drop in stress due to the
failure of the specimen edges. The load rises again until the peak stress, 80 MPa is
reached, followed by brittle failure.

(a)

(b)

Fig. 3.5 Test setups for compression and tension tests on polymer samples
A 30 kN Instron machine was used to determine the tensile strength of reinforced polymer
dog-bone samples, Fig. 3.5b. The load was applied under displacement control mode at
1 mm/min. Strain gauges were attached to samples in axial and radial directions to
determine the elastic properties. Tensile tests on dog-bone specimens showed linear
elastic behaviour until brittle failure on reaching the tensile yield point. Fig. 3.7a shows
the results of tensile tests on unreinforced polymer specimens. Results of tensile tests on
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fibreglass reinforced specimens are shown in Fig.

3.7b. The average results of

compressive and tensile tests on the unreinforced and glass fibre reinforced polymer
samples are listed in Table 3.5.

Fig. 3.6 Results of compression tests on unreinforced polymer specimens
Table 3.5 Mechanical properties determined from the experimental results
Parameters

Unit

Unreinforced
polymer

Reinforced
polymer

Elastic modulus

GPa

1.6

3

0.35

0.35

Poisson’s ratio
Compressive strength

MPa

80

-

Tensile strength

MPa

27

40

61

(a)

(b)
Fig. 3.7 Results of tension tests on dog-bone shaped polymer specimens
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3.4

Flexural tests on plaster beams

A series of small-scale experiments were carried out on plaster beams to estimate their
flexural properties. Rectangular plaster beams were loaded in a four-point bending test
scenario.
3.4.1 Sample preparation
The plaster-water mix was prepared for preparing the flexural samples following the same
steps used for preparing the cylindrical hydrostone samples. The plaster mix was poured
into a steel mould having three rectangular slots with dimensions 160 mm x 40 mm x 40
mm. A total of 12 samples were prepared. The samples were placed in a 400 C oven for
two weeks after removing them from the moulds. Three sets of samples were prepared.
The first four samples were tested as is, while in the next four samples a 10 mm long and
1 mm wide rectangular notch was cut at the centre of the bottom face and a V-shaped
notch having the same depth, 10 mm and width, 1 mm at the open face as the rectangular
notch was cut in the last four plaster beams.
3.4.2 Test procedure and results
An Instron machine was used to employ a flexural load under displacement control mode.
The plaster beam was symmetrically supported by two steel rollers, fixed to a solid base,
having a span of 120 mm at the bottom surface, Fig. 3.8. The load rate was 0.1 mm/min
(Shan, 2017) and was applied by a set of two steel rollers, placed centrally on the top
surface of the sample, 40 mm apart.
In the bending tests, the maximum tensile and compressive bending stresses occur at the
bottom and the top surface of the plaster beam, respectively. The unreinforced plaster
beams failed in tension with the fracture initiating at the mid-span of the bottom surface
once the failure load was reached, as shown in Fig. 3.9a. The notched plaster beams also
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failed at the onset of the first micro-crack in both experiments, Fig. 3.9b and Fig. 3.9c.

Fig. 3.8 Four-point bending test setup

(a)

(b)

(c)
Fig. 3.9 Test results (a) solid, (b) rectangular notch and (c) V-notch plaster beams
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The small scale four-point bending tests of solid plaster with no reinforcement indicated
a failure at a load of 4.4 kN, Fig. 3.10. Fig. 3.10a shows the vertical load vs axial strain
% observed at the top face of the plaster. Fig. 3.10b shows the vertical load vs axial strain
% observed at the bottom face of the plaster. The bottom face of the plaster was observed
to be in tension and had similar strain values as the top face. The notched specimens had
strain gauges placed only at the top face because of the notch at the bottom face. So, the
strain values at the top face were used for comparison. As expected, the samples with
rectangular and V-shaped notches failed at a much lower load. Fig. 3.11a and Fig. 3.11b
shows the vertical load vs axial strain % observed at the top face of the rectangular
notched and V-shaped notched plaster beams, respectively. The plaster specimens failed
at the very low strain values indicating a sudden failure as soon as the failure load was
reached.
The failure load and calculated flexural strength for all three cases are listed in Table 3.6.
The flexural strength,

(MPa) was calculated using the following Eq. 3.5.

=

⁄

(3.5)

Where: P = failure load (kN), l = length of the span = 120 mm,
b = width of the beam = 40 mm and h = height of the beam = 40 mm.
Table 3.6 Four-point bending test results for plaster beams
Sample description

Failure Load
(kN)

Flexural
Strength (MPa)

Plaster beam

4.4

8.3

Plaster beam with 10 mm rectangular notch

1.4

2.6

Plaster beam with 10 mm V-shaped notch

1.5

2.8
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(a)

(b)
Fig. 3.10 Test results for solid plaster beams
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(a)

(b)
Fig. 3.11 Results for (a) rectangular and (b) V-shaped notch plaster beams
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3.5

Flexural tests on polymer-coated plaster beams

A series of small-scale experiments were carried out to understand the liner behaviour
when coated to various plaster beams. A four-point bending test was selected to quantify
the flexure strength of the plaster-polymer composite. Different failure modes like
tension, shear and de-bonding were also examined in this section.
3.5.1

Sample preparation

For TSL application, plaster beams 35 mm high were used. For glass fibre reinforcement,
the polymer mix (37 g) was divided into three equal batches. The first batch of the
polymer was poured and evenly spread on the roughened plaster surface. After that, the
first glass fibre sheet, weighing 2.5 g was placed on top of it. The same process was
repeated for another layer of polymer and glass fibre sheet having the same mass as
before. Finally, the last batch of the polymer was poured and left to cure at room
temperature for a few hours.
3.5.2

Test procedure and results

The polymer-coated plaster beams were loaded in a similar manner as the uncoated
beams, shown in Fig. 3.12.

Fig. 3.12 Four-point bending test setup for polymer-coated plaster beam
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The beams coated with 5 mm thick fibreglass reinforced polymer liner were found to fail
at significantly higher flexural load when compared with the solid plaster beams, a result
of the greater tensile strength of the polymer liner. Micro-cracks were found to generate
at the bottom of the plaster, after the stresses reached the tensile strength of the plaster.
The polymer restricted further propagation of the micro-cracks and kept sustaining the
increasing load until failure of plaster under diagonal tension. The beams failed in both
adhesion and diagonal tension. The diagonal crack originated from the bottom of the
plaster, near the point of contact of rollers, and extended to failure as shown in Fig. 3.13a.
The specimens were placed under optical microscope and the failure behaviour was
observed, Fig. 3.13(b-d). Delamination of the polymer liner originated above the point
of support at the interface and extended laterally towards the middle of the beam. The
liner was also found to fail near the support points at higher loads.
Notched plaster beams filled and reinforced with polymer also showed similar failure
behaviour to plain composite beams, thus, restricting failure propagation from the
notches, Fig. 3.13(e-f). The notched composite beams showed an eight-fold increase in
flexural strength when compared to notched unreinforced plaster beams.
The small scale four-point bending tests of solid plaster with polymer reinforcement
indicated failure at a load of 13 kN, Fig. 3.14. The notched plaster beams coated and
filled with polymer liner showed similar failure behaviour. The compressive failure
strains observed at the top surface of the polymer-coated beams were higher than the
uncoated beams, which indicated that the polymer-coated beams resisted higher bending
loads compared to the uncoated beams. Table 3.7 lists the average failure loads and
flexural strength for the polymer-coated plaster beams.
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(a)

(b)

(c)

(d)

(e)

(f)
Fig. 3.13 Test results (a-d) solid, (e) rec-notch and (f) V-notch composites
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(a) Solid composite

(b) Rectangular notch composite
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(c) V-shaped notch composite
Fig. 3.14 Results of flexural tests on the composite beams

Table 3.7 Four-point bending test results on polymer-coated plaster beams
Sample description

Average Failure
Load (kN)

Flexural
Strength (MPa)

Plaster with 5 mm TSL

13.0

24.3

5 mm TSL with 10 mm rectangular notch

11.8

22.1

5 mm TSL with 10 mm V-shaped notch

12.0

22.7
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3.6

Discussion

Hydrostone plaster was selected as the substrate for modelling the bonding with the
polymer liner. Laboratory tests such as the uniaxial compressive test, Brazilian disc test
and tri-axial compressive test were conducted on the hydrostone plaster to determine the
elastic modulus, Poisson’s ratio, uniaxial compressive strength, cohesion, angle of
internal friction and indirect tensile strength. The mechanical properties were used as
input parameters for the numerical modelling detailed later.
Two types of TSL polymer were considered. The compressive tests were conducted only
on the unreinforced polymer, whereas the tensile tests were conducted on both the
unreinforced and fibreglass reinforced polymer specimens. The polymer specimens
reinforced with fibreglass sheets (amounting to 12% by weight) had greater tensile
strength when compared with the unreinforced specimens.
Small scale laboratory tests conducted on plaster beams indicated an increase in the
flexural strength of the plaster beam when coated with a 5 mm thick liner material. The
unreinforced solid plaster beam failed at the onset of the first micro-crack near the middle
of the bottom face of the plaster, whereas the reinforced plaster beams were observed to
sustain the micro-cracks originating near the middle of the span and failed only after the
interface failed near the roller points, resulting in the formation of distinct diagonal
cracks. The micro-cracks in plaster-composites were also seen in the experimental
samples when observed under an optical microscope. The unreinforced plaster beams
having a notch at the bottom face, also failed at the onset of the first micro-crack,
originating from the notch, however, they failed at a lower vertical load than the solid
unreinforced plaster beams. The polymer-coated plaster beams having notches filled with
the polymer failed in a similar fashion to the polymer-coated solid plaster beams.
73

Chapter 4
Numerical modelling methodology
4.1

Introduction

The support characteristics of polymer-based thin spray-on liners (TSLs) were studied
using numerical modelling in this thesis. Initially, numerical models were developed to
simulate the behaviour of the liner in a small scale flexural test. Subsequently, the
numerical models were used to compare the support characteristics of the TSL liner with
steel mesh in large scale experiments that simulated buckling and guttering of the roof in
a coal mine roadway. Before simulating the small and large scale experiments on polymer
and mesh supported specimens, numerical studies were conducted in this chapter to
validate the individual material models for the substrate, the polymer liner, the interface
between the liner and substrate and the steel mesh which make up the composite models
in the next chapter using the experimental results determined in the previous chapter.
There were four components to the numerical models simulated in this study, the
substrate, the polymer liner, the interface between the liner and the substrate and the steel
mesh. The first section describes a concrete damaged plasticity model used to simulate
the behaviour of the substrate, which was hydrostone plaster or concrete. A detailed
explanation of the damage model and steps to determine the input parameters for
modelling the failure behaviour of the substrate was provided. Experimental results from
uniaxial compression and Brazilian disc tests were used to determine the input parameters
for the mechanical properties of the substrate. Two numerical models simulating a
uniaxial compression test and Brazilian disc test on hydrostone plaster cylinder specimens
were developed. The results from the physical tests were used to validate the modelling
methodology.
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In the next section, the experimental results from the uniaxial compression and tension
tests on the polymer liner samples were used to determine the input parameters for
modelling the polymer’s properties. Two numerical models simulating the physical tests,
uniaxial compression test on a cubical shaped unreinforced polymer specimen and
uniaxial tension test on a dog-bone shaped glass fibre reinforced polymer specimen, were
developed to calibrate the polymer liner material model.
A cohesive zone based interface model was used to simulate the behaviour of the interface
between the substrate and the polymer liner. Results from the laboratory experiments,
previously carried out by researchers at the University of Wollongong (Shan, 2017), were
used as the input parameters for the cohesive zone model. A double-sided shear test to
estimate the shear bond strength of the liner interface was used to calibrate the input
parameters and validate the methodology by comparing the modelling results with the
experimental results.
In addition to the polymer liner, steel mesh was used to compare the support performance
of mesh with that of a polymer liner. Numerical models were developed to calibrate the
material model in order to simulate the properties of the steel wire mesh used for
supporting plaster slabs and concrete prisms in large scale buckling and guttering
experiments, respectively. Input parameters for the model were taken from the
experiments carried out previously at the University of Wollongong (Shan, 2017, Shan et
al., 2014b). Numerical models simulating three-point bending tests on two steel wires
were undertaken to calibrate the material model. Full-scale pull tests on two mesh sections
were also simulated numerically to validate the calibrated material model. The individual
material models developed in this chapter are listed in Table 4.1.
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Table 4.1 Numerical models developed in the chapter
Model

Description

Substrate

a) Uniaxial compression test model
b) Brazilian disc test model

Polymer liner

a) Compression test model for unreinforced specimens
b) Tensile test model for reinforced specimens

Interface

a) Double-sided shear test model

Steel mesh

a) Three-point bend test on steel mesh wires
b) Full-scale pull up tests on rib and roof mesh sections

4.2

Numerical Modelling of the Substrate

The hydrostone plaster exhibited brittle failure in uniaxial compression and indirect
tensile tests in the laboratory. In small scale flexural tests on polymer reinforced plaster
beams, the cracks began to form as soon as the tensile strength of the hydrostone was
reached, but due to the polymer reinforcement, the hydrostone plaster kept on sustaining
load even beyond its yield point, and the cracks kept propagating. As a result, to simulate
the behaviour of the hydrostone plaster in the numerical model, replication of both its preand post-failure behaviour was required.
The concrete damaged plasticity (CDP) library available in ABAQUS (2014)
characterises the behaviour of concrete in the elastic as well as the plastic zone. The CDP
model assumes two main failure mechanisms, compressive crushing and tensile cracking.
The stress-strain follows a linear elastic behaviour, until the value of elastic yield stress
(

,

: elastic yield strength of the plaster in tension and compression respectively) is

reached. For concrete in tension, the elastic yield stress (
tensile strength (

) was the same as the ultimate

), Fig. 4.1a. Under uniaxial compression, the concrete showed a
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linear response until the value of elastic yield (

) was reached, followed by strain

hardening till the ultimate compressive stress (

) was reached, which was further

followed by a strain softening response, Fig. 4.1b. The ultimate stress marks the onset of
micro-cracks in the concrete material, which is macroscopically represented with a
softening stress-strain response. When a material is unloaded from any point on the strainsoftening curve, the unloading response is weakened, i.e. the initial elastic stiffness of the
material gets damaged. The post-peak behaviour of the material under compression and
tension is characterised by introducing a damage variable which specifies the degradation
of the initial elastic stiffness (

).

After peak stress, stiffness in the compression and tension regime (
the function of damage variables (

,

,

) are defined as

), which are assumed to be functions of plastic

strains ( ̃ , ̃ ), Eq. 4.1 and Eq. 4.2, respectively. The stresses ( ,

) and strains ( ,

) after the peak stress are represented by Eq. 4.3 and Eq. 4.4 (ABAQUS, 2014).

(a)

(b)

Fig. 4.1 Stress-strain under (a) tension and (b) compression (ABAQUS, 2014)
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(4.4)

Plasticity model

The post-failure tension and compression data are given in terms of inelastic strains in
ABAQUS. ABAQUS then converts the inelastic strain values into the plastic strain
values. In compressive loading (Fig. 4.2), at a point A ( ,
(

) after the failure stress

), the strain ( ) can be defined in two ways, first using the damaged elastic stiffness,

( ) and second by using the undamaged initial elastic stiffness, (
Strain definition using damaged elastic stiffness (

=
where,

=

), Eq. 4.5 for Fig. 4.2a.

+

is the elastic strain and ̃

).

(4.5)
is the plastic strain in the compressive regime.

(a)

(b)

Fig. 4.2 Concrete under compression (a) damaged elastic stiffness and (b) undamaged
elastic stiffness (ABAQUS, 2014)
The elastic strain under compressive loading can be written as Eq. 4.6 using Eq. 4.1 and
plastic strain under compressive loading can be written as Eq. 4.7 using Eq. 4.6.
=

=

=

−

(

(4.6)

)

=

−
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(

)

(4.7)

Strain definition using undamaged elastic stiffness (
=

=

), Fig. 4.2b

+

(4.8)

is the undamaged elastic strain, Eq. 4.9 and ̃

Where:

is the inelastic strain, Eq.

4.10 in compression.
=

(4.9)

=

−

=

−

=

−

(4.10)

Using Eq. 4.5

(

)

(

)

(4.11)

Similarly for tensile loading,

=

−

(4.12)

The plastic strain values, used in the numerical model, are calculated using Eq. 4.11 and
Eq. 4.12. Damage variables (

and

) at points ( ,

) and ( , ) respectively, are

defined using Eq. 4.13.
=

,

=

(4.13)

The yield function used in the plastic-damage concrete model is based on the work of
Lubliner et al. (1989) and Lee and Fenves (1998). The yield function is expressed in terms
of effective stresses, Eq. 4.14:

,

=

−

+

(

)〈

〉−
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〈−

〉 −

≤

(4.14)

Where:

is the hydrostatic pressure, q is the Mises equivalent stress and <σ

> is the

maximum principal stress. < > denotes the Macauley brackets, meaning 〈x〉 = x for x >
0 and 0 for x ≤ 0 (Mikl-Resch et al., 2015). σ and σ are the effective tensile and
compressive stresses Eq. 4.15 and Eq. 4.16, respectively. α and γ are dimensionless
material constants, taken as default values ( = 0.16 and

= 3) and

is determined

using Eq. 4.17 (Kupfer et al., 1969).

=
=

(

)

(

)

=

(

−

)

(4.15)

=

(

−

)

(4.16)

=

( − )−( + )

(4.17)

The CDP model used for the hydrostone plaster was modified to simulate the brittle
failure observed in the experiments. In tension, the tensile strength of the plaster
determined from the experimental results was taken as the elastic yield stress or the
ultimate stress value in the numerical model. At failure, the plastic strain was assumed to
be zero. After failure, a residual tensile strength, equivalent to 1% of the tensile strength
was considered at a very low plastic strain value to simulate brittle behaviour. In
compression, the plaster showed no strain hardening behaviour, so a linear response
followed by brittle failure was considered in this study. The uniaxial compressive
strength, determined from the experiments, was taken as the ultimate strength of the
plaster and plastic strain at ultimate failure, was assumed to be zero. After failure, a
residual compressive strength equivalent to one-tenth of the uniaxial compressive
strength of the plaster was considered at a very low plastic strain value, similar to the
assumptions of the tensile loading.
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4.2.2 Input parameters for the model
Results from experimental studies in the laboratory were used to back-calculate the plastic
strains and inelastic strains from the stress versus strain data using Eq. 4.5 – 4.12. This
section lists the material properties determined from the experimental results and
calculations to estimate the input parameters for the concrete damaged plasticity model.
Plastic strains, ( ̃ , ̃ ) in the tensile and compressive regimes are assumed to be zero at
the initiation of failure. The plaster was found to fail at 60 MPa and 0.33% axial strain in
the uniaxial compression tests and at 8 MPa and 0.15% axial strain under the indirect
tensile tests in the experiments (Chapter 3). The initial elastic modulus and Poisson’s ratio
determined were found to be 18 GPa and 0.24, respectively.
The hydrostone plaster showed a brittle failure behaviour in the experiments, so it was
considered to fail once it reached the yield stress values. At yield, the plastic strain was
assumed to be zero. After the yield point, the plaster was assumed to fail in a brittle
manner, and the stress is assumed to reduce to 10% of the compressive strength at a strain
value of 0.0037 and to 1% of the tensile strength at a strain value of 0.00151. The
calculations of inelastic strains, plastic strains and damage parameters in compression and
tension are shown below.
In compressive loading:
At the elastic yield point,
= 60 MPa =

,

= 0.0033, ̃

At failure,
= 6 MPa,

̃

=
=

= 0.0037

= 0.9
−

= 0.0034
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= 0, ̃

=0

̃

= ̃

−

(

)

= 0.0004

Similarly, in tensile loading:
At the elastic yield point,
= 8 MPa =

= 0.0015, ̃

,

= 0, ̃

=0

At failure,
= 0.08 MPa,
=

= 0.00151

= 0.99

̃

=

−

̃

= ̃

−

= 0.0015

(

)

= 0.0011

The following table, Table 4.2 summarises the input parameters determined for the
concrete damaged plasticity model.
Table 4.2 Input parameters for concrete damaged plasticity model
Parameters

Units

Compression

Tension

Initial stiffness,

GPa

18

18

0.24

0.24

MPa

60

8

%

0.34

0.15

0.9

0.99

Poisson’s ratio, ν
Failure stress,

or

Inelastic strain at failure, ̃

or ̃

Damage variable at failure,

or
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4.2.3

Numerical simulation of compression test using the CDP model

The uniaxial compression test on the hydrostone plaster specimens carried out in the
laboratory was simulated numerically in ABAQUS using the concrete damaged plasticity
model described in section 4.2.1. The damage of initial stiffness of the plaster upon
compressive loading was specified using a compressive damage variable (

). Input

parameters for the mechanical properties of hydrostone and damage variables were listed
in Table 4.2.
The numerical model consisted of a cylindrical plaster specimen having diameter 54 mm
and height 108 mm, loaded under compression using two steel platens (Fig. 4.3)
following the ISRM suggested methods (Bieniawski and Hawkes, 1978). The plaster
specimen was modelled as a three-dimensional deformable cylinder, meshed with 8-node
linear brick elements (C3D8R) with a size of 2 mm in all directions.

Fig. 4.3 Numerical model for the uniaxial compression test
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Rigid body definition was used to model the platen, and a normal frictionless surface was
defined at the contact between the plaster and the platen at both ends. The bottom platen
was fixed in all directions, and the top platen was allowed to move in the vertical direction
only. The top platen was loaded under displacement control loading, and 0.5 mm vertical
displacement was applied. A static step was defined for load application and the
displacement (u = 0.5 mm) was ramped up linearly with increasing time intervals, i.e. at
t = 0, u = 0 and at t = 1, u = 0.5 mm). The plaster was found to fail in compression at t =
0.73, i.e. 0.365 mm vertical displacement, Fig. 4.4. The damage variable reached a value
of 0.9, indicating 90% damage in initial stiffness at failure. The compressive failure was
represented by the damage variable in the CDP model.

Fig. 4.4 Failure observed in the numerical model of the compression test
The stress vs strain graph obtained in the numerical simulation was also compared with
the experimental result, Fig. 4.5. The compressive strength of the hydrostone was found
to be 59 MPa in the numerical simulation compared to the average value of 60 MPa
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observed in the physical tests. The numerical model accurately captures the brittle
behaviour of the hydrostone plaster under compression loading. The input parameters
obtained from the experimental results can be used directly in the numerical model, and
there is no need to further calibrate the input parameters for compressive loading.

Fig. 4.5 Comparison of the numerical simulation and physical uniaxial compression
test on hydrostone
4.2.4 Numerical simulation of a Brazilian disc test using the CDP model
The Brazilian disc test on the hydrostone specimen to determine the indirect tensile
strength was simulated numerically. The numerical model consisted of a cylindrical
specimen having a diameter 54 mm and thickness 27 mm, which was loaded under the
indirect tensile test setup (Fig. 4.6). The plaster specimen is meshed with eight-node
linear brick elements in ABAQUS. The size of the brick-shaped mesh is 1 mm in
thickness (Z-direction) and 1.35 mm in both the diametrical loading direction (Ydirection) and the horizontal direction (X-direction). The loading jaws, according to the
ISRM recommended methods (Bieniawski and Hawkes, 1978), are allowed to have a
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contact with a disc-shaped rock sample over a finite arc of approximately 10° at the failure
of the specimen. The load applied is in the Y-direction, uniformly distributed over contact
arcs having a length equal to the thickness of the specimen and width equal to the size of
two elements. The displacement of loading points are restricted in the X- and Z-directions
at both the top and bottom locations.

Fig. 4.6 Numerical model for the Brazilian disc test
The average peak load observed in the experimental results was 19.1 kN. So, the splitting
tensile strength of the specimen is calculated from the experimental results, using Eq.
4.18 (Bieniawski and Hawkes, 1978).
=
Where:

⁄

(4.18)

is the tensile strength of the specimen in MPa,

is the load at failure (N), d is

the diameter of the specimen (mm), and t is the thickness of the specimen measured at the
centre (mm).
The indirect tensile strength estimated from the Brazilian disc tests in the laboratory was
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found to be 8 MPa.
According to Hondros (1959), the complete stress (

: axial stress and

: radial stress)

solution along the load diameter for the Brazilian disc case, Fig. 4.7, is given by Eq. 4.19
and Eq. 4.20.

= +

−

(4.19)

= −

+

(4.20)

Where: P is the applied load, R is the radius of the disc specimen, 2 is the angular
distance over which P is assumed to be distributed radially (usually ≤ 10°), and r is the
distance from the centre of the disc.
The loading angle in the model was calculated using:

2 = 2 sin

1.35
= 5.73° ≈ 6°
27

According to the Griffith criterion, the crack initiation point should be at the exact centre
of the disc for estimation of the tensile strength. So, the principal stresses at the centre of
the specimen are given by Eq. 4.21 and Eq. 4.22, by putting r = 0 in Eq. 4.19 and Eq.
4.20 (Li and Wong, 2013).

= +

−

= +

(4.21)

= −

+

= −

(4.22)

The compressive stress at the centre of the disc specimen is three times the tensile stress
in a Brazilian disc setup.
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Fig. 4.7 Brazilian disc loading (Li and Wong, 2013)
Initially, an elastic analysis was carried out in ABAQUS to estimate the tensile and
compressive stress in the Brazilian disc test setup. The properties assigned to the
specimen were the same as estimated from the experimental results: Elastic modulus (E)
= 18 GPa, Poisson’s ratio (ν) = 0.24 and density (ρ) = 2100 kg/m3. A vertical load (P) of
19 kN was applied in the form of uniform pressure, at the top and bottom of the specimen.
According to Eq. 4.22, the tensile stress at the centre of the disc is 8.3 MPa. The principal
stresses along the loading diameter at the middle plane of the specimen observed in the
numerical model were compared with the analytical stress solution (Eq. 4.19 and Eq.
4.20) for a Brazilian disc to validate the numerical model, Fig. 4.8. The principal stresses
obtained from the numerical simulation and analytical equations were normalised by
dividing by 2P/πdt and plotted against the y-coordinates of the specimen along the loading
diameter. The origin was set at the centre of the specimen. The stress observed in the
elastic analyses were in a close match to the analytical equations. The maximum tensile
stress in the surface plane was observed at about 5 mm from the loading point, whereas
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the maximum tensile stress was near the centre of the disc in the middle plane, Fig. 4.9.

Fig. 4.8 Comparison of normalised principal stresses along the loading diameter of the
specimen between numerical modelling results and the Hondros’ solution

Fig. 4.9 Comparison of normalised principal stresses along the loading diameter at the
middle and surface plane of the specimen observed in the elastic numerical model
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The compressive stress distribution was almost the same on the two planes. Fig. 4.10
shows the tensile stress observed at the surface and middle planes in the elastic analysis.
The tensile strain developed in the numerical model as a result of the elastic analysis is
shown in Fig. 4.11. The tensile strains have local concentrations near the loading points
for both the middle and the surface planes.

(a)

(b)

Fig. 4.10 Tensile stress in the model at (a) surface and (b) middle planes

(a)

(b)

Fig. 4.11 Tensile strain in the model at (a) surface and (b) middle planes
The location where the maximum tensile strain occurs was described by Hobbs (1964) as
a transition between shear and tensile failure. According to Li and Wong (2013), it is
difficult to judge the direction of failure propagation (centre of the disc to loading points
or vice-versa) during the experimental study. The splitting fracture of the Brazilian disc
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may not be controlled only by the maximum tensile stress, but also by the maximum
tensile strain. The CDP model, based on both stress and strain criterion, was introduced
as a plastic model in this work, and the crack initiation and propagation in the Brazilian
rock disc were studied.
The tensile strength of the plaster disc was taken as 8 MPa. The model was simulated
with plastic parameters, and the tensile failure behaviour of the Brazilian disc was studied.
The compressive strength of the plaster was assumed to be a very high value of 200 MPa,
to avoid any compressive failure. The failure behaviour of the disc specimen at the middle
and surface planes, at increasing time intervals, is shown in Fig. 4.12 and Fig. 4.13,
respectively. The damage of tensile strength at the surface plane, in Fig. 4.12 b-d,
suggests that the failure initiated near the two loading points and then propagated to the
centre of the specimen. Failure was seen to initiate at a lower load at the surface of the
disc, t = 0.76 (Fig. 4.12a), compared with the failure at the middle plane, which indicated
that the tensile strain met the critical strain criterion first. A crack was found to initiate
near the centre of the disc along the middle plane, when the tensile stress reached the
maximum tensile strength criterion, i.e. at t = 0.81 (Fig. 4.13a).
The tensile and the compressive stresses, were normalised by dividing by 2P/πdt,
observed in the CDP model along the loading diameter are plotted in Fig. 4.14, for both
the surface and the middle planes. The tensile and compressive stress was found to
decrease to zero, indicating the failure of the material along the loading diameter.
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(a)

(b)

(c)

(d)

Fig. 4.12 Tensile failure of the disc specimen at the surface plane

(a)

(b)

Fig. 4.13 Tensile failure of the disc specimen at the middle plane
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Fig. 4.14 Comparison of normalised principal stresses along the loading diameter at the
middle and surface plane of the specimen observed in the CDP model
The hydrostone was found to fail at a lower vertical load of 15.5 kN in the numerical
analysis. The tensile strength calculated using the failure load determined from the CDP
model numerical analysis was found to be 6.8 MPa. According to Li and Wong (2013),
the difference in the numerically estimated tensile strength and the tensile strength
determined from the laboratory experiments can be caused when the tensile cracks in the
numerical model initiated at the place where the tensile strain reaches the critical
extension strain for the specimen. The Brazilian test method was found to overestimate
the tensile strength of the plaster specimen.
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4.3

Numerical Modelling of the Polymer Liner

The polymer liner is modelled by specifying its elastic properties (Young’s modulus and
Poisson’s ratio), compressive and tensile strength values as determined experimentally.
The cubical specimens prepared for the uniaxial compression test were not reinforced
with the glass fibre sheets. The numerical model simulating the uniaxial compression test
on the cubical polymer samples considered the material properties for the unreinforced
polymer liner, Fig.

4.15a. The input material parameters were taken from the

experimental results listed in Chapter 3, and several numerical simulations were carried
out to calibrate the model. Fig. 4.15b shows the final result obtained from the calibrated
numerical model and compares it with the experimental results. The calibrated model
accurately simulated the behaviour of the unreinforced liner material under compression.

(a)

(b)

Fig. 4.15 Calibration of the compressive properties of the liner
The dog-bone specimens prepared for the tensile tests were reinforced with two layers of
glass fibre sheets. The behaviour of liner material under tension was simulated using a
numerical model, Fig. 4.16a. The results obtained from the tensile tests in Chapter 3 were
used to calibrate the numerical model. Fig. 4.16b compares the result obtained from the
calibrated model with the experimental results.
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(a)

(b)

Fig. 4.16 Calibration of the tensile properties of the liner
The input parameters obtained after calibration of the uniaxial compression and tensile
tests on the unreinforced cubical polymer sample and the glass fibre reinforced polymer
sample, respectively are listed in Table 4.3.
Table 4.3 Input parameters for the polymer liner
Parameters

Units

Unreinforced

Reinforced

Elastic modulus

GPa

1.6

3

0.35

0.35

Poisson’s ratio
Tensile strength

MPa

-

40

Compressive strength

MPa

60

-
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4.4

Numerical Modelling of the Interface between Rock and Polymer

The behaviour of the interface between the polymer and the plaster substrate is an
important property which defines the support characteristic of the polymer liner. The
polymer forms a strong bond with the substrate upon which it is applied. This ability of a
TSL liner to adhere to the rock surface is classified into two types of bond strength, tensile
bond strength and the shear bond strength (Yilmaz, 2007, Ozturk and Tannant, 2010,
Yilmaz, 2013, Qiao, 2015, Qiao et al., 2015c, Qiao et al., 2015a).
The strength of the interface bond, its failure condition, behaviour until failure and after
failure are important parameters which need to be incorporated into the numerical model.
Cohesive zone model in ABAQUS (2014) allows defining the interface property in terms
of cohesive strength in both normal and shear direction, condition for the cohesive failure,
parameters to define the evolution of failure and specifying friction behaviour after the
cohesive failure. As a result, a cohesive interaction was specified at the interface.
The cohesive behaviour is an interaction property, which relates the traction, t
(normal, ∆σ and shear, ∆τ and ∆τ ), across the interface to the contact separations, ∆
(normal, ∆δ and shear, ∆δ and ∆δ ) across the interface. The separation depends on the
normal and shear stress acting on the surface of the interface. A linear elastic tractionseparation law was assumed for the cohesive behaviour before the failure of the interface.
The process of damage of interface was characterised by progressive degradation of the
interface stiffness, which indicated the cohesive failure.
The following section describes the cohesive zone methodology used in this study,
determination of input parameters and calibration of the model parameters using the
estimated input parameters.
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4.4.1 Defining cohesive behaviour
The cohesive behaviour is one of the surface interaction properties that are assigned to a
contact pair, which is the interface between the polymer and the rock substrate in our
case. The other contact interaction properties are compressive behaviour and friction,
defined along with cohesive behaviour. The normal force comprises compressive
behaviour when the two surfaces are in contact and cohesive behaviour if the surfaces are
not in contact. The shear force is contributed by the cohesive strength of the bond, which
resists the pure elastic tangential slip. Friction is assumed to remain dormant if the
cohesive stiffness is undamaged. If the damage has been defined, the cohesive strength
which has been contributing to the bond strength of the interface starts degrading with the
evolution of the damage. Now, the friction model activates and starts contributing to the
shear force. Until the complete failure of the cohesive bond, the shear stress is a
combination of the cohesive strength and friction. Once complete failure is reached, the
cohesive contribution becomes zero, and only the friction model contributes towards the
shear strength of the interfacial bond (ABAQUS, 2014).
The shear behaviour of the interface explained above can be divided into three stages,
AB, BC and CD, as shown in Fig. 4.17 (ABAQUS, 2014).
a) Elastic stage (AB)
In this stage, the shear stress is determined by elastic bond stiffness. The constitutive
matrix relating normal and shear stress to normal and shear displacements can be
described as in Eq. 4.23 (ABAQUS, 2014).
∆
= ∆
∆

=

∆
∆
∆
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=

∆

(4.23)

Where:

is the normal stress,

dimensional situation.

,

and

and

are the respective displacements.

stiffness of the cohesive interface and
interface.

and

are the shear stress at the interface for a three-

and

is the normal

are the shear stiffnesses of the cohesive

are assumed equal for an isotropic cohesive interface. The off-

diagonal terms in the elasticity matrix are zero, assuming uncoupled behaviour between
the normal and shear components.

Fig. 4.17 Idealization of cohesive interface shear behaviour (ABAQUS, 2014)
b) Bond failure stage (BC)
In this stage, the degradation of the cohesive stiffness is introduced in the model using a
damage variable, D. D and friction are assumed to increase by the same amount as the
damage of the cohesive stiffness. The damage variable, D has an initial value of zero,
representing total contact and a maximum value of one, representing complete failure of
the cohesive bond. The damage of cohesive stiffness was assumed to initiate when
stresses across the interface reach the tensile and shear bond strength of the interface
between the polymer and hydrostone substrate. So, the damaged zone cohesive and
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friction stiffness,

and

respectively can be represented as Eq. 4.24 (ABAQUS,

2014).

=

( − )

,

=

(4.24)

( − )
Where:

is the normal friction stiffness of the interface and

and

are the friction

shear stiffness of the interface. Both friction shear stiffness are assumed to be equal and
normal friction stiffness,
cohesive interface,

is assumed to be the same as the normal stiffness of the

.

Now, the total shear stress for this stage can be written as Eq. 4.25:
∆ =

∆ = [

+

]∆

(4.25)

c) Frictional Sliding Stage (CD)
After the failure of the cohesive bond, the behaviour is represented by the Coulomb
friction model and stresses can be written as Eq. 4.26 (ABAQUS, 2014).

∆
= ∆
∆
Where:

=

∆
∆
∆

∆
∆
∆

=

represents normal stress,

So, equivalent frictional shear stress,

and
=

=

∆

(4.26)

are the frictional shear stress components.
+

According to the Coulomb friction model, no frictional displacement occurs if the
equivalent frictional shear stress,

=

, where

is less than the critical shear stress

is the friction coefficient
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(4.27)

.

4.4.2 Damage modelling
The progressive damage and failure mechanism of cohesive layers consists of three parts,
namely: criteria for initiation of damage, an evolution law and choice of cohesive element
removal/deletion on reaching a completely damaged state.
a) Damage initiation
The damage of cohesive stiffness starts as the loading proceeds, and a criterion can be
quantified using the peak strength/strain values for the interface. The criterion used is
based on linear functions of interacting stress values with respect to their peak values, Eq.
4.28 (ABAQUS, 2014).

+
Where:

,

and

+

=

(4.28)

are the peak strength values when the interface between the rock

and polymer is allowed to deform purely in normal, first and second shear directions,
respectively.

,

and

are stresses at a particular instant along the interface. Here, <

> represents Macaulay brackets signifying no damage of cohesive layer due to pure
compressive deformation or stress. Damage is assumed to initiate when the above
criterion reaches a value of one.
b) Damage evolution
After the initiation of degradation of cohesive stiffness, the damage is governed by the
specified evolution law. A damage variable, D having an initial value of zero is
introduced, and it rises to a value of one as loading progresses. The modified stress
components t

and t can be written as Eq. 4.29 and Eq. 4.30 (ABAQUS, 2014).
=( − ) ,
=( − )

≥ ;

,
=( − )

100

=

(4.29)
(4.30)

The evolution of damage variable from initiation to failure consists of two components.
The first component quantifies the evolution of damage between initiation and
completion. The other component specifies the nature of the evolution of the damage
variable, which can be of linear, exponential, or any power-law form. In double-sided
shear tests conducted by Shan (2017), the shear stress decreases quickly with an increase
in shear displacement after the peak stress is reached. The rate of decrease in shear stress
tends to decline gradually until it approaches the residual stress, so an exponential damage
law, Eq. 4.31 is used in this study to calibrate the behaviour of the damage variable
(ABAQUS, 2014).

=
Where:
stress,
point and

−

(

−

(

( ) is an exponential function,

)

(4.31)

is the shear displacement at peak shear

is the shear displacement at residual shear stress at the failure of the cohesive
is a damage related material constant which affects the damage evolution

process.
c) Damage completion
After reaching the maximum damage state, the cohesive surface has failed; friction
continues to provide shear resistance.
4.4.3 Interface modelling parameters
The cohesive behaviour was applied only to the nodes in between the polymer and the
plaster, specified through a contact pair. A stress-based criterion was included in the
model to predict the initiation of the failure of the cohesive interface. The bond strength
values in normal and shear directions were included in the model. The contact separation
and bond strength values were estimated from the tensile and shear bond strength tests
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conducted earlier at the University of Wollongong (Shan, 2017, Qiao, 2015). The values
for the input parameters are listed in Table 4.4.
Table 4.4 Input parameters for cohesive zone methodology for interface
Parameters

Values

Tensile bond strength,

2 MPa

Shear bond strength,

10 MPa

,

1.2

Friction at the interface,

1 mm

Shear displacement at peak stress,
Shear displacement at residual stress,

1.5 mm

,

26 GPa/m

Shear stiffness,

4.4.4 Calibration of the cohesive model
The double-sided shear test experiment carried out by Shan (2017) was simulated
numerically, to calibrate the input parameters for cohesive interaction between the plaster
and the polymer. The experiment conducted consisted of three plaster cubes, each having
40 mm x 40 mm x 40 mm dimensions, with 5 mm thick polymeric liner material in
between them, Fig. 4.18a. The sample assembly was placed on the steel support blocks,
and the left and right most plaster cubes were clamped to the support blocks using steel
clamping plates. The middle plaster cube was loaded using a steel loading block placed
squarely on it, and the experiment was carried out until the detachment of the plaster
surface from the polymer surface.
The numerical model developed also consisted of three plaster cubes having the same
dimensions and the same 5 mm thick polymeric liner in between them, Fig. 4.18b. The
interface between the plaster and the polymer liner was modelled using the cohesive zone
model. The cohesive property was specified using a node to surface-based interaction
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definition. The node to surface-based interaction had the nodes assembly of the plaster
surface at the interface as a slave surface and the liner surface at the interface as a master
surface. The left and the rightmost plaster cube were fixed in all directions, and the middle
plaster cube was loaded under displacement control loading. A displacement of 5 mm
was applied on the top surface of the middle cube.

(a)

(b)
Fig. 4.18 Double-sided shear test (a) experiment setup after Shan (2017) and (b)
numerical model
The mechanical properties of the hydrostone plaster and the polymer listed in Table 4.2
and Table 4.3 were used as input parameters in the numerical model. Only elastic
properties for both, the plaster and the polymer liner were considered, as the main aim of
this modelling study was to simulate the behaviour of the interface only. The interface
properties are listed in Table 4.4. The initial stiffness, K for the traction-separation law,
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i.e. normal stiffness (K ) and tangential stiffness (K and K ) were taken from the
experimental results after Shan (2017).
A two-dimensional plane strain model was modelled for calibration of the damage
evolution parameter. An exponential damage function was considered for this study.
Numerical simulations were carried out with different values of , i.e. a material constant
for damage evolution, Eq. 4.27. Four values of , i.e. 50, 10, 5, and 4 were considered,
and results obtained from the numerical simulations were compared against the
experimental results after Shan (2017), shown in Fig. 4.19. The load vs displacement
curve determined from the model having

= 5, was found to be a good correlation with

the experimental result.

Fig. 4.19 Calibration of the damage evolution function
After the calibration of the damage evolution parameter, a three-dimensional analysis was
carried out with the calibrated parameters. Fig. 4.20 shows the shear stress observed in
the three-dimensional numerical analysis of the interface at increasing time intervals. The
failure of the interface started, once the shear stress reached its peak value of 10 MPa at t
= 0.18, Fig. 4.20c.
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(a) t = 0.10

(b) t = 0.15

(c) t = 0.18

(d) t = 0.20

Fig. 4.20 Shear stress plots observed in the simulation at increasing time intervals
The cohesive interface strength starts degrading according to the damage evolution
parameter defined in this study with increasing displacement, Fig. 4.21. The damage of
the interface initiated at t = 0.18 and the damage variable reached a value of one at a
displacement of 1.5 mm. Fig. 4.21 also shows the load vs displacement profile observed
in the three-dimensional numerical simulation and compares it with the experimental
profile. The failure of the interface at one of the liner-plaster surfaces is shown at
increasing time intervals in Fig. 4.22. The delamination initiated when the stresses
reached the peak value, as shown in Fig. 4.22b. The failure of cohesive bond represented
by complete damage of the cohesive stiffness is indicated in red in Fig. 4.22d.
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Fig. 4.21 Damage evolution observed in the numerical model

(a) t = 0.15

(b) t = 0.18

(c) t = 0.20

(d) t = 0.25

Fig. 4.22 Failure behaviour observed at the plaster-polymer interface in the numerical
simulation at increasing time intervals
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4.5

Numerical Modelling of Steel Mesh

Steel mesh is an integral part of the ground support for underground coal mines, used to
control and prevent loose roof and rib material from caving into the roadway (Nemcik et
al., 2009). A series of full-scale tests of welded steel mesh has been conducted to evaluate
its performance by developing the load-displacement characteristics in the tests by
varying wire size, mesh wire configuration, bearing plate loads, bolt tension and spacing,
bolting patterns and size of bearing plates (Tannant, 1995, Dolinar, 2006, Gadde et al.,
2006, Morton et al., 2007, Dolinar, 2009, Shan et al., 2014a, Thompson et al., 2018). An
investigation into the mechanical behaviour of welded steel mesh has also been studied
through numerical modelling (Shan et al., 2014a, Karampinos et al., 2018).
The material model used for steel mesh was first calibrated using a three-point bend test
on two steel wires using the experimental results after Shan (2017). The calibrated model
was then used to model the full-scale pull test on two steel mesh sections. The first section
was a 1.35 m wide and 3.6 m long section of roof mesh consisting of 5 mm diameter
longitudinal and transverse wires with 7 mm diameter longitudinal reinforcing wires at
the bearing plates. The other mesh section was 4 m long and 1.6 m wide consisting of 4
mm diameter longitudinal and transverse wires, used for supporting ribs in underground
coal mines. Results obtained from numerical models were validated using the
experimental results obtained after Shan et al. (2014a). Numerical modelling of steel
mesh sections provided the input parameters for simulating mesh sections used in large
scale buckling and guttering experimental models in Chapter 5.
4.5.1 Three-point bend test on a steel wire
The three-point bend test simulation used for calibration of steel wire properties was
based on experimental studies carried out by Shan (2017) at the University of
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Wollongong. Two steel wires having diameter 5 mm and 7 mm were investigated in this
study. Table 4.5 lists the mechanical properties of the steel mesh obtained from
experimental studies, Shan (2017).
Table 4.5 Input parameters for the steel mesh after Shan (2017)
Steel Mesh

Units

A

B

Diameter

mm

5

7

Elastic Modulus

GPa

200

200

0.3

0.3

14

45.5

Poisson’s ratio
Plastic Moment

Nm

An analytical solution for the three-point bend test was also used to verify the calibrated
result (Karampinos et al., 2018). In a three-point bending scenario, the stress (

), the

maximum moment at the centre of the beam (M) and the maximum deflection at the mid
span (S) are given by Eq. 4.32.

=

,

=

,

=

(4.32)

Where: M = moment about the neutral axis at the mid-span, c = furthest distance from the
neutral axis, I = moment of inertia, P = point load applied to the beam, L = beam length
and E = Young’s modulus.
Eq. 4.32 was used to determine the bending stress, deflection and maximum applied load
at the mid-span.
For a 5 mm steel wire, M = 14 Nm
= Mc/I = 570 MPa
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P = 4M/L = 0.43 kN
S = PL3 /48EI = 2.54 mm
For a 7 mm steel wire, M = 45.5 Nm
= Mc/I = 676 MPa
P = 4M/L = 1.4 kN
S = PL3 /48EI = 2.55 mm
The steel wire was modelled using beam elements in ABAQUS (2014). A series of
numerical simulations were undertaken to study the optimum mesh size by comparing
mesh deflections observed in the models with the experiments. The model consisted of a
steel wire having length 0.13 m, fixed at its ends and loaded in the middle under
displacement control mode. A displacement of 50 mm was applied to the central node.
Two simulations were carried out for 5 mm diameter and 7 mm diameter wires. Fig. 4.23
shows the numerical model used for the calibration of the 5 mm diameter steel mesh.
Fig. 4.24a and Fig. 4.24b compare the load vs displacement curve for numerical,
analytical and experimental results for steel wire having diameter 5 mm and 7 mm
respectively. The simulation results correlated well with the experimental and analytical
results. The variation in the experimental results was observed due to slippage near the
wire ends. The calibration of steel wire in the three-point bend test provided input
parameters for modelling steel mesh sections. A numerical model simulating the
behaviour of a steel mesh section in a full-scale pull test was studied, and the results
obtained from the model were compared against the experimental results to validate the
calibrated input properties.
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Fig. 4.23 Three-point bend test: numerical model

(a)

(b)
Fig. 4.24 Comparison of three-point bend test results of steel wires having diameter (a)
5 mm and (b) 7 mm
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4.5.2

Full-scale pull up test on mesh sections

A roof mesh section consisting of 5 mm diameter longitudinal and transverse steel wires
with 7 mm diameter longitudinal reinforcing steel wires was modelled under a full scale
pull test. The mesh section was 3.6 m long and 1.35 m wide. The test setup after and the
developed numerical model are shown in Fig. 4.25. The mesh was bolted to a strong
floor in the experiment with a bolt spacing of 1 m by 1m. Another mesh section used for
supporting coal mines ribs was also modelled in this study. The rib-mesh was 4 m long
and 1.6 m wide and bolted to the strong floor with the same bolt spacing.

(a)

(b)
Fig. 4.25 (a) Full-scale pull test (Shan et al., 2014a) and (b) numerical model
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Mesh sections were modelled using beam structural elements with the calibrated
properties. Bearing plates were placed at 1 m by 1m spacing, and a contact surface was
defined at the interaction between the steel mesh and bearing plates. Models were loaded
under displacement control mode, with a load applied at the centre nodes. Vertical
displacement of 500 mm was applied at the centre of the mesh section, pulling it in an
upward direction, simulating the large scale pull test.
The failure load for the roof mesh was found to be 42 kN experimentally and 41 kN in
the numerical simulation. Fig. 4.26a shows the displacement of the steel mesh at failure
and Fig. 4.26b compares the load vs displacement curve for numerical and experimental
results. In the numerical model, no slippage of the mesh section was allowed. However,
it was found to slip near the rock bolt plates in the experimental study. Due to this reason,
the mesh stiffness appeared to be higher in the numerical simulation, than the laboratory
test.
The failure load for the rib mesh was found to be 21 kN in both the physical test and the
numerical simulation. The displacement (m) of rib mesh at failure is shown in Fig. 4.27a.
Fig. 4.27b compares the load vs displacement curves of the rib mesh for the numerical
and experimental results. The numerical simulation captures the behaviour of the rib mesh
until the applied displacement of 250 mm, but after that, there was an apparent decrease
in stiffness of the mesh in experimental results. The apparent decrease in the stiffness may
have been due to slippage of the steel mesh near the bearing plates. Since the stiffness of
the steel mesh in the numerical simulation was kept constant at 200 GPa, the mesh was
found to fail at a displacement of 340 mm (t = 0.68) instead of 450 mm which was
observed in the pull test of rib mesh in the laboratory.
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(a)

(b)
Fig. 4.26 Roof mesh: (a) displacement at failure and (b) comparison of numerical and
experimental results
The numerical models in this section simulated the behaviour of steel wires under the
three-point bend test scenario, and the behaviour of mesh sections under large scale pull
tests conditions. The models were also validated so that the calibrated properties can be
used for simulating large scale experiments in Chapter 6.
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(a)

(b)
Fig. 4.27 Rib mesh: (a) displacement at failure (b) comparison of numerical and
experimental results
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4.6

Discussion

The concrete damage plasticity model was able to replicate the brittle failure of the
hydrostone plaster observed in the experiments. The CDP model was characterised by
two damage variables, compressive and tensile, which allowed the simulation to continue
even after the peak load. The variables were determined from the physical tests carried
out in the laboratory. The simulations of uniaxial compressive and Brazilian disc test were
carried out to validate the developed CDP model. The plaster material in the uniaxial
compression test model failed at similar stress as the experimental results, however, the
tensile strength determined from the Brazilian disc test simulation was found to less than
the physical test value due to failure of the specimen near the loading points. The
introduction of damage parameters and post-peak behaviour in the model allowed the
simulation of the crack propagation observed in the physical tests. The validated CDP
model will be used to simulate the crack propagation in the substrate and its failure
behaviour in the simulation of small and large scale experiments in the next chapter.
The polymer-based liners were modelled using experimental results from the uniaxial
tensile and compressive tests. Two types of polymer were considered, unreinforced
polymer samples and fibreglass reinforced polymer samples. The uniaxial compression
test was carried out on unreinforced polymer samples, as such the numerical model
simulating the compressive behaviour only considered unreinforced polymer samples.
The material model for the polymer liner was calibrated using the experimental results.
The calibrated model was used to simulate the polymer liner behaviour in the experiments
which had unreinforced polymer, such as the double-sided shear test on the plasterpolymer specimen. The numerical model simulating the tensile test on the polymer liners
had fibreglass reinforcement. The calibrated model will be used to simulate the behaviour
of the reinforced liner in the numerical models simulating small and large scale
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experiments in the next chapter.
The cohesive interface defined for simulating the interaction between the polymer liner
and the substrate was calibrated using the results of the previous experiments (Shan,
2017). The failure of the cohesive shear bond at the interface was calibrated using a series
of two-dimensional simulations with different damage parameters. Force-displacement
curves obtained from different simulations were compared against the experimental
result, and the exponential damage parameter required for the interface was determined.
The cohesive zone model also predicted the failure of the interface and the propagation
of interfacial failure was demonstrated using the three-dimensional model.
Three-point bending tests on 5 mm and 7 mm steel wire were simulated numerically in
ABAQUS. Results of tensile tests on steel wires having diameter 5 mm and 7 mm were
used to determine the input parameters for steel wire material model. The numerical
modelling results were compared against the experimental results as well as the analytical
calculations. The input parameters were then used to simulate full-scale pull tests on mesh
sections. Two types of mesh sections were considered in this study. The configuration
was selected based on the steel mesh used for supporting the roof and the rib in an
underground coal mine. The simulation results matched the experimental results in the
initial loading stage, but the load-displacement curve deviated at the later stage in the
loading. The deviation was caused due to the slippage of the mesh section at the bearing
plates in the experimental results. However, the maximum load sustained by both types
of mesh section observed in the numerical simulation was very close to the experimental
results.
The models developed in this chapter simulated the behaviour of the hydrostone plaster,
the polymer liner, the interface and the steel mesh accurately. Also, the input parameters
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required for the material models representing the mechanical properties of all components
were determined. In the following chapter, the simulation of various small and large scale
experiments to investigate the reinforcement capacity of the polymer liner will be carried
out using these input parameters.

117

Chapter 5
Numerical Modelling to Investigate the Reinforcement
Capacity of a Thin Polymer Liner
5.1

Introduction

Roadway failure mechanisms in a coal mine are mainly classified into six types: beam
failure (Dolinar et al., 2000, Zhang and Peng, 2002), joint-controlled rock falls (Oggeri,
2000), roof sag (Wu et al., 2000), guttering and shear failure (Tadolini et al., 2000), skin
failure (Bauer and Dolinar, 2000) and rib spalling (Chase et al., 2002). Beam failure of
weak bedding planes, buckling of bedded or delaminated rock roofs near the mid-span
and guttering failure at the roadway corners are commonly encountered in a high-stress
environment (Shen, 2014). Numerical models were developed in this chapter to
investigate the behaviour of a thin polymeric liner when supporting underground coal
mine roof strata subject to beam failure, buckling failure and guttering, using numerical
modelling of small- and large-scale experiments. In the first model, a four-point bending
test was simulated to investigate the effect of liner reinforcement on the flexural strength
of plaster beams. In the second model, the reinforcement capacity of the polymer liner
was compared with steel mesh when subjected to a buckling load. In the third model, a
guttering load was simulated to again compare the effect of liner reinforcement with that
of steel mesh.
Plaster beams coated with a thin polymeric liner were subjected to flexural load in Chapter
3. The beams were found to fail in bending in a diagonal tension fashion when coated
with a polymer liner and sustained higher load when compared with the unsupported
plaster beams. A numerical study was undertaken to investigate how the polymeric liner
functions to suppress the rock mass damage or provide support to a mine roof prone to
brittle fracture. The hydrostone-polymer composite model was simulated in a four-point
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bending test. A plastic-damage model calibrated in the previous chapter was used to
simulate the fracture propagation in the substrate as the result of the loading. Different
failure modes for the liner such as tension, shear and debonding were examined. The
polymer was also modelled using calibrated mechanical properties. The debonding of the
liner was modelled by introducing a cohesive surface at the interface between the liner
and the substrate using the calibrated interface model.
The solid plaster beam without any polymer liner was also simulated numerically to
compare the effect of liner reinforcement. Also, a series of simulations were conducted
where 10 mm long notches of rectangular and V-shaped geometry were cut in the bottom
edge of the plaster. Plaster beams with notches that were filled with polymer, simulating
a rock mass that fractured ahead of spray application, were also modelled to study the
effect of polymer penetration into a fractured rock mass. The numerical model used to
simulate the unreinforced plaster specimens under four-point loading consisted of a
plaster beam, having length 160 mm, width 40 mm and 40 mm depth. The plaster-polymer
composite model consisted of plaster beam having height 35 mm and a 5 mm thick
polymer liner adhered to the bottom. The final dimensions of all the models were kept the
same in all the simulations to compare their behaviour.
Large scale experiments were conducted by Shan et al. (2018) to compare the behaviour
of a fibre reinforced polymer and steel mesh in supporting coal mine roof strata subject
to buckling. The liner formed a composite layer by bonding to the substrate, and thus
provided an effective reinforcement. Steel mesh, on the other hand, had a gap between it
and the substrate, which adversely influenced its performance. The polymer supported
specimens had greater peak load and were stiffer than the steel mesh specimens. Three
models were developed to simulate the behaviour of hydrostone plaster slabs when
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subject to buckling. The first model consisted of plaster slabs bolted together with steel
bolts; the second model consisted of plaster slabs supported by steel mesh and steel bolts,
and the third model consisted of plaster slabs supported by a fibre reinforced polymer
(FRP) liner and steel bolts. The material properties for the numerical models were taken
from the laboratory work after Shan et al. (2018) and the calibrated parameters from
Chapter 4.
Shan et al. (2014b) also conducted large scale experimental tests to compare the
performance of a thin polymeric liner and steel mesh when supporting strata that was
prone to guttering. Test results showed that the polymeric liner was much stiffer than the
steel mesh in restricting rock movement and inhibiting the formation of gutters in the
roof. Two models were developed to simulate the behaviour of strata prone to guttering
when supported by steel mesh and a polymer liner. Table 5.1 lists the numerical models
developed in this chapter.
Table 5.1 Numerical models developed in this chapter
Model

Description

Flexural test

a) Solid and notched uncoated plaster beams
b) Polymer coated solid and notched plaster beams

Buckling test

a) Plaster slabs supported by steel bolts
b) Plaster slabs supported by a steel mesh
c) Plaster slabs supported by a fibre reinforced polymer

Guttering test

a) Concrete prisms supported by steel mesh
b) Concrete prims supported by a fibre reinforced polymer
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5.2

Numerical Modelling of Flexural Tests on Plaster Beams

Four-point bending tests carried out to estimate the flexural properties of plaster beams
were simulated numerically in ABAQUS. Three models were considered, similar to the
four-point bending experiments carried out in Chapter 3, Fig. 5.1. The first model
consisted of a solid plaster beam, Fig. 5.1a, the second model consisted of a plaster beam
having a rectangular notch at the centre of the bottom face, Fig. 5.1b, and the third model
had a plaster beam with a V-shaped notch at the centre of the bottom face, Fig. 5.1c. Both
notches were 10 mm deep and had a width of 1 mm at the bottom face. The numerical
models consisted of a plaster beam, two loading rollers and two support rollers. The
rollers were modelled as rigid bodies. The bottom two rollers were set as fixed supports.
The top two rollers were used for load application and allowed to move only in the vertical
direction. Hexahedral linear brick elements (C3D8R), having eight nodes were assigned
to the plaster (ABAQUS, 2014). All elements had a mesh size of 2 mm. The surface
interaction between the roller supports and the plaster beam was modelled as frictionless
contact.
5.2.1 Solid plaster beam
The solid plaster beam model was simulated under displacement loading, a 0.1 mm
vertical displacement applied on the top rollers, i.e. u = 0 at t = 0 and u = - 0.1 mm at t =
1, with outputs generated at 100 equal time intervals. The maximum principal stress
generated as a result of loading is plotted in Fig. 5.2 at the increasing time intervals. The
bottom face of the plaster beam was found to be under tension and the top face under
compression, as expected according to the beam theory, Fig. 5.2a. The plaster failed in
tension near the middle of the beam when the maximum principal stress reached the
tensile strength of the hydrostone plaster, Fig. 5.2b. The tensile stress was found to
propagate towards the top surface, Fig. 5.2c-d (indicated in red).
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(a)

(b)

(c)
Fig. 5.1 Numerical models for the uncoated plaster beams (a) solid, (b) rectangular
notch and (c) V-shaped notch
After yield, a tensile crack was generated near the middle of the bottom face, which
propagated to the top surface following the path of maximum principal stress, Fig. 5.3ab. The sample failed in a brittle manner after the onset of the first crack and split into two
halves. The same failure behaviour was also observed in the experimental study, Fig.
5.3c.
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(a) t = 0.45

(b) t = 0.55

(c) t = 0.56

(d) t = 0.57

Fig. 5.2 Maximum principal stress plots for the solid plaster beam

(a) t = 0.57

(b) t = 0.60

(c) experimental result
Fig. 5.3 Failure behaviour of the solid plaster beam
The maximum normal load in the solid plaster simulation was found to be 4.7 kN, very
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close to the average experimental value of 4.4 kN. The deflection, δ in a four-point
bending setup, Fig. 5.4 was calculated using Eq. 5.1.
=−

(

−

−

)/

for a<=x<=L-a

(5.1)

Where: 2F = load applied, a = distance of load application from the support point, x =
distance of point from support point where deflection is calculated, L = length of the
beam, E = elastic modulus and I = second moment of area of the beam.

Fig. 5.4 Four-point bending test on a rectangular beam
The maximum deflection,

at the centre of the beam (x = L/2 and a = L/3) was found to

be 0.038 mm using analytical equation 5.1,while the maximum deflection at the centre of
the beam in the numerical model, before the crack propagation, was observed to be 0.042
mm.
The plaster beam in the numerical model failed at t = 0.55, i.e. at an applied displacement
of u = 0.055 mm, however, the average applied displacement in the physical tests was
0.67 mm. The deflection of the platens in the physical test did not account for the initial
slack in the system, whereas the numerical simulation had no slack. The initial slack in
the system was about 0.4 to 0.6 mm which is 10 times the displacement at which the
sample failed. The applied displacement measured by the Instron included the initial
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slack, so strain gauges were used to measure the actual deflection.
Fig. 5.5 shows a comparison of load vs axial strain, obtained at the centre of the top
surface, observed in the numerical model and the physical test. The plot of the numerical
simulation matched the experimental results. The vertical load increases with
displacement applied until the load reached the tensile strength of the plaster, followed
by a drop from the peak with the initiation of damage and finally resulting in the failure
of the specimen.

Fig. 5.5 Comparison of simulation results for solid plaster beams
5.2.2 Rectangular notch plaster beam
The plaster beam having a rectangular notch at the centre of the bottom face was
simulated using the same boundary conditions as the solid plaster beam model. The
maximum principal stress was found to propagate through the notch on loading. Fig. 5.6
shows the maximum principal stress along the mid-section of the beam at increasing time
intervals.
After yield at t = 0.22 (Fig. 5.7a), a tensile crack was observed to originate from the
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notch at the middle of the bottom face and propagate to the top surface of the plaster
beam, causing the beam to split into two halves, Fig. 5.7b, similar to the experimental
result Fig. 5.7c. The beam failed immediately after the onset of the first micro-crack in
the notch.

(a) t = 0.20

(b) t = 0.25

(c) t = 0.30

(d) t = 0.45

Fig. 5.6 Maximum principal stress plots for the rectangular notch plaster beam
The maximum normal load in the beam numerical simulation was found to be 1.3 kN.
The average normal load observed in the laboratory experiments was found to be 1.35
kN. The beam failed at t = 0.21, i.e. at an applied displacement of 0.021 mm. The beam
failed at a lower load than the solid plaster beam because of stress intensity factor at the
crack tip. The samples in the experiment study had an average applied displacement of
0.5 mm as the physical test setup does not account for the initial slack in the system. Strain
values measured in the physical tests were compared with the numerical simulation result.
Fig. 5.8 shows a comparison of the load vs axial strain, obtained at the centre of the top
surface of the unreinforced rectangular notch plaster beam, in the numerical model and
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the experimental results.

(a) t = 0.22

(b) t = 0.50

(c) Experimental result
Fig. 5.7 Failure behaviour of the rectangular notch plaster beam

Fig. 5.8 Comparison of simulation results for rectangular notch plaster beams
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5.2.3

V-notch plaster beam

The unreinforced plaster beam having a V-shaped notch at the centre of the bottom face
was also simulated using the same boundary conditions, and the propagation of maximum
principal stress on loading is shown in Fig. 5.9. The simulation showed the tensile failure
of the specimen with a fracture originating through the notch similar to the rectangular
notch specimen, Fig. 5.10.
The beam failed at a load of 1.5 kN in the numerical simulation as well as the physical
tests. The failure initiated at a displacement of 0.022 mm in the numerical model. The
physical tests on the other hand did not account for the initial slack in the system, so the
failure displacement measured in the physical tests were very high (0.51 mm). The strain
observed in model was comparable to the physical tests. Fig. 5.11 shows a comparison
of load vs axial strain obtained at the centre of the top surface of the beam, observed in
the numerical model with the experimental results.

(a) t = 0.10

(b) t = 0.20

(c) t = 0.30

(d) t = 0.40

Fig. 5.9 Maximum principal stress plots for the V-shaped notch plaster beam
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(a) t = 0.22

(b) t = 0.40

(c) experimental result
Fig. 5.10 Failure behaviour of the V-shaped notch plaster beam

Fig. 5.11 Numerical simulation vs experimental results for V-shaped notch beams
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5.3

Flexural tests on polymer-coated plaster beams

The plaster-polymer composite model consisted of a plaster beam having height 35 mm
with a 5 mm thick polymer liner adhered at the bottom. The final dimensions of all the
models were kept the same in all the simulations to allow comparison of their behaviour
with uncoated beams with the same overall dimensions. Three models were simulated,
the first having solid plaster, the second having a 10 mm deep and 1 mm wide rectangular
shaped notch and the third having a V-shaped notch, Fig. 5.12. The notches in the last
two models were filled with polymer to simulate the penetration of polymer liner into the
fractured rock mass.

(a)

(b)

(c)

Fig. 5.12 Numerical models for polymer-coated plaster beams (a) solid, (b) rectangular
notch and (c) V-shaped notch
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5.3.1

Polymer-coated solid plaster beam

The polymer-coated plaster beam was simulated under displacement loading, a 2 mm
vertical displacement applied on the top rollers, i.e. u = 0 at t = 0 and u = - 2 mm at t = 1,
with outputs generated at 50 equal time intervals.
As a result of loading, tensile stress was generated at the bottom of the composite, i.e. in
the polymer liner, and with increasing time intervals, the tensile stress propagated
upwards, Fig. 5.13a. The polymer liner having high tensile strength, kept on sustaining
the increasing normal load, whereas micro-cracks were observed in the hydrostone plaster
once the stress reached its tensile yield. Micro-cracks originating from the bottom of the
middle of the plaster beam were observed, (Fig. 5.13b and Fig. 5.14b) at t = 0.1, causing
the failure of the plaster elements at the liner interface.

(a) t = 0.06

(b) t = 0.10

(c) t = 0.20

(d) t = 0.30

Fig. 5.13 Maximum principal stress plots for the solid composite beam
The polymer liner restricted the propagation of the micro-cracks and kept sustaining the
increasing load. The plaster started failing due to compressive loading near the loading
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support points (Fig. 5.14b). The liner was also found to fail at the support points. As a
result, a distinct diagonal crack formed between the loading and the support points,
causing the failure of the composite (Fig. 5.14c).
The crack also propagated laterally from the roller support points, causing shear failure
of the plaster block at the interface, ultimately resulting in the delamination of the liner
layer (Fig. 5.14d). The failure behaviour observed in the numerical simulation was very
similar to the behaviour observed in the experimental tests, Fig. 5.14e.

(a) t = 0.10

(b) t = 0.20

(c) t = 0.30

(d) t = 0.50

(e) experimental result
Fig. 5.14 Failure behaviour of the solid composite beam
The polymer coated plaster beams failed at an average displacement of 2.3 mm in the
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physical tests. However, the failure observed in the numerical model was at an applied
displacement of 1.7 mm. The Instron setup did not account for the initial slack in the
system (0.4 to 0.6 mm), which was approximately the difference between the
experimental value and the numerical value. The strain values observed at the middle of
the top face of the beam were used for comparison. Fig. 5.15 compares the load vs strain
values observed in the simulation with the experimental results for polymer-coated solid
plaster beams. The plaster-polymer composites failed at an average load of 13kN in the
experimental studies and the normal load at which the solid plaster-polymer composite
failed in the numerical simulation was found to be 12.6 kN. The first drop in the load
around 7.3 kN, resulting in the onset of micro-cracks in the plaster. The micro-cracks in
the uncoated solid plaster beams were found to initiate at 4.7 kN. The polymer liner
reinforcement not only delayed the formation of the micro-cracks but also restricted
further propagation of these micro-cracks, and the composite sample sustained the
increasing load until it failed diagonally.

Fig. 5.15 Comparison of results for the solid composite beam
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5.3.2 Interface failure
A cohesive surface was defined as the interaction property between the plaster and the
polymer liner. A stress-based criterion (Eq. 5.2) was used in the numerical modelling to
define the failure of the interface between the plaster and polymer layers. Failure initiated
when the stresses reached the pre-specified interfacial shear and normal bond strength. A
maximum contact stress ratio was introduced in the model, and a value of one indicated
that stresses had reached the bond strength values.

, ,

=

(5.2)

Where: tn, ts and tt represent the contact stresses in normal, longitudinal and transverse
directions respectively. tno, tso and tto are the bond strength values when the separation is
either purely normal to the interface or purely in the longitudinal and the transverse
directions, respectively.
Fig. 5.16 shows the contact stress ratio at increasing time intervals for the plaster polymer
interface in the bending test simulation. The polymer delaminates above the support
points indicating that the stresses reached the peak stress values. The delamination then
progressed towards the centre of the beam as shown in Fig. 5.16c-d. The failure of the
interface observed in the model was similar to the failure behaviour observed in the
experimental study conducted in Chapter 3, Fig. 5.17.
5.3.3 Polymer filled rectangular notch and V-shaped notch plaster beams
The polymer-reinforced plaster beams having a rectangular notch and V-shaped notch at
the centre of the bottom face were simulated using the same boundary conditions as the
solid composite. The specimens failed in a similar diagonal fashion to that observed in
the case of the solid composite. The filling of the notch with the polymer liner restricted
propagation of the micro-cracks from the tip of the notch.
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(a) t = 0

(b) t = 0.10

(c) t = 0.30

(d) t = 0.60

Fig. 5.16 Interface failure behaviour observed in the simulation

Fig. 5.17 Interface failure behaviour observed in the physical tests
Fig. 5.18 and Fig. 5.19 show the failure behaviour of the polymer filled notched plaster
beams observed in the numerical simulations and the experimental results. The polymercoated plaster composite having a rectangular notch was found to fail at 11.8 kN and the
composite having a V-shaped notch failed at 11.6 kN in the numerical simulation. Fig.
5.20 and Fig. 5.21 compare the numerical results with the experimental results for the
notched plaster-polymer composite.
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(a) t = 0.08

(b) t = 0.12

(c) t = 0.20

(d) t = 0.50

(e) Experimental result
Fig. 5.18 Failure behaviour for polymer-coated rectangular notch plaster beam
5.3.4

Summary

The four-point bending tests used to investigate the reinforcement capacity of the glass
fibre reinforced polymer liner were studied using small-scale numerical models. The
models developed in this section were able to simulate the behaviour of the polymer liner
at the substrate interface accurately. The effect of liner reinforcement was compared
against the unreinforced beams numerical models and the modelling methodology was
validated by comparing the numerical results with the experimental results. Using this
validated methodology, the large-scale experiments carried out by Shan (2017) were
modelled and the reinforcement capacity of the polymer liner was compared against that
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of a steel mesh. The next section presents the numerical models developed to simulate the
large-scale experiments comparing the potential of the polymer liner and the steel mesh
in supporting roof strata prone to buckling and guttering.

(a) t = 0.08

(b) t = 0.12

(c) t = 0.20

(d) t = 0.50

(e) Experimental result
Fig. 5.19 Failure behaviour for polymer-coated V-shaped notch plaster beam
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Fig. 5.20 Comparison of results for the rectangular notch composite beam

Fig. 5.21 Comparison of results for the V- shaped notch composite beam

138

5.4

Numerical Modelling of Large-Scale Buckling Tests

Numerical models were developed to simulate the large scale buckling experiments
conducted previously by Shan et al. (2018). The experiment simulated the buckling of
laminated strata under high horizontal stress. The numerical models, similar to the
experimental study, consisted of an assembly of four hydrostone plaster slabs bolted
together, with each slab having a 5° slope at the middle to initiate buckling, Fig. 5.22.
The dimensions of the models were kept the same as the experimental work. Each plaster
slab was 600 mm in length, 200 mm in width and 25 mm in thickness. Four holes were
made in each plaster slab to clamp them together with steel bolts and plates, which were
tightened by applying pre-tension in the numerical model, Fig. 5.23. The bolts were
simulating support by rock bolts in laminated strata.
Three scenarios were considered to measure the resistance of the plaster assembly to
buckling failure. In the first scenario, the plaster slabs were loaded under buckling load,
supported only by the steel bolts. In the second and third scenarios, the plaster slabs were
supported by the bolts and surface support was also applied using steel mesh and a fibre
reinforced polymer (FRP) liner, as shown in Fig. 5.24. The polymeric liner was 580 mm
in length, 200 mm in width and 5 mm thick. The welded steel mesh also had the same
dimensions as the FRP liner. Both the liner and the steel mesh were 10 mm short at each
end of the slab to prevent them from being directly loaded by the platens during the
simulation.

Fig. 5.22 Dimensions of the plaster slab after Shan et al. (2018)
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Fig. 5.23 Plaster slabs clamped together with steel bolts and plates

(a)

(b)

(c)

Fig. 5.24 Numerical models simulating large-scale buckling experiments (a) steel bolts
supported, (b) mesh supported and (c) polymer liner supported
5.4.1

Input parameters for the buckling model

The input parameters for the material and interface to be used in the large-scale models
were taken from the calibrated numerical models in Chapter 4. An initial slack due to gap
between contact surfaces of two adjacent slabs and the dilation of the plaster at the contact
surface was observed in the experimental work by Shan et al. (2018). A critical point was
defined at the load where the assembly started influencing the system stiffness. The initial
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slack was simulated by defining the initial stiffness, which was calculated from the overall
stiffness and the effective stiffness data taken from the experimental results using Eq. 5.3.
Table 5.2 lists the overall, effective and initial stiffness values used in the numerical
models. Table 5.3 lists the input parameters obtained from the calibrated numerical
models that were used after the initial slack stage. The interface between different plaster
slabs was modelled using a surface to surface contact definition. In the direction normal
to the interface, a hard contact property, which transmits full momentum and energy was
adopted. In the tangential direction, a friction coefficient of 0.5 was defined. A cohesive
zone based surface, similar to the composite beam models was defined between the right
most plaster slab and the polymer liner.

=
Where:

,

=

,

=

= overall stiffness (kN/mm),

= displacement at peak load (mm),
= load at critical point (kN),

(5.3)

= peak load (kN),
= effective stiffness (kN/mm),

= displacement at critical point (mm) and

= initial stiffness (kN/mm) till the critical load.
Table 5.2 Stiffness of the buckling samples after Shan et al. (2018)
Description of samples

Overall stiffness
(kN/mm)

Effective stiffness
(kN/mm)

Initial stiffness
(kN/mm)

Bolts supported assembly

43

54

31

Mesh supported assembly

70

98

37

Liner supported assembly

107

154

49
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Table 5.3 Input parameters for numerical models after Shan et al. (2018)
Material

Elastic
modulus
(GPa)

Poisson’s
ratio

Tensile
strength
(MPa)

Compressive
strength
(MPa)

Plaster

18

0.24

4

30

Steel mesh

200

0.3

550

-

9

0.35

63

-

Polymer (reinforced)

5.4.2 Buckling simulation of bolts supported plaster slabs
Four hydrostone plaster slabs were bolted together using bolts and plates and loaded as
shown in Fig. 5.24a. Load was applied in three steps in the numerical simulation. In the
first step, a pre-tension of 1 kN was applied to the bolts and plates, so that the plaster slabs
were clamped together during the application of load. In the second step, an initial
displacement of 0.6 mm was applied on the top surface of the plaster slabs, and the
behaviour of the plaster slabs was adjusted according to the estimated initial stiffness
(Table 5.2) to account for the initial slack in the system observed during the experimental
studies. After the initial slack stage, 2.4 mm displacement was applied in the third step,
and the slabs were allowed to buckle. A damaged plasticity-based material model defined
in Chapter 4 was used for the hydrostone in the third stage of loading. The material
properties for the hydrostone plaster, steel mesh and the polymer liner are listed in Table
5.3. Overall displacement, u = 3 mm, was applied to the assembly.
Fig. 5.25 shows the stresses developed in the steel bolts supported model. The central
area of the plaster slabs was observed to be in tension, with the maximum tensile stress
at the outermost surface of the right-most slab. No failure of plaster was observed during
the pretension and initial slack stages and the maximum tensile and compressive stresses
were well below the respective yield values.
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(a) Step – 1, t = 1.0

(b) Step – 2, t = 2.0

(c) Crack initiation, t = 2.20

(d) Crack propagation, t = 2.24

Fig. 5.25 Maximum principal stress observed in unsupported plaster slabs
As the load increased, a tensile crack initiated when the stresses reached the tensile
strength of the hydrostone plaster (Fig. 5.25c-d). Failure behaviour observed in the
loading stage of the steel bolts supported model was plotted at increasing time intervals.
Initial cracks in the hydrostone were found to form at t = 2.32, i.e. u = 1.37 mm in the
rightmost plaster slab (Fig. 5.26a). The tensile crack initiated at the outer surface of the
rightmost slab and propagated through the whole assembly, as the load increased. The
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model failed immediately after the propagation of the cracks through the whole assembly.
The model exhibited brittle failure as soon as the peak load was reached (Fig. 5.26b-c),
similar to the experimental study, as shown in Fig. 5.26d.

(a) t = 2.32, crack propagation

(b) t = 2.48, at peak load

(c) t = 2.60, at failure

(d) experiment (Shan et al., 2018)

Fig. 5.26 Failure behaviour of the steel bolts assembly
Fig. 5.27 compares the simulation results with the experimental results after Shan et al.
(2018). The load at which initial cracks began to form was found to be 55 kN. The average
cracking load observed in the physical tests was found to be 56 kN. The model sustained
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a peak load of 69 kN, compared to 63 kN of average peak load observed in the physical
tests.

Fig. 5.27 Comparison of simulation results for steel bolts assembly
5.4.3 Buckling simulation of slabs supported by bolts and steel mesh
The steel mesh supported assembly was simulated similar to the bolts only plaster slabs.
Load was applied in three stages, pre-tension, initial slack and loading till failure. After
pre-tensioning the bolts, a 1 mm displacement was applied to the top surface of the model.
After the initial slack, 2 mm displacement was applied, and the model was tested to
failure. The plaster was modelled using the concrete damaged plasticity model as
previously, and the steel mesh was modelled using the material parameters estimated from
the calibrated steel mesh model in Chapter 4.
Fig. 5.28a and Fig. 5.28b shows the stresses developed in the steel mesh and bolts
supported model after the pretension and initial slack stage. After further loading, the
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tensile stresses developed near the central region of the plaster slabs were similar to the
bolts only model (Fig. 5.28c-d).

(a) Step-1, t = 1.0

(b) Step-2, t = 2.0

(c) t = 2.10

(d) t = 2.30

Fig. 5.28 Maximum principal stress observed in steel mesh supported plaster slabs
The steel mesh model failed in a similar manner to the bolts only model, with tensile
cracks initiating in the rightmost plaster, at a cracking load of 90 kN (Fig. 5.29a), and
then developing in the other three slabs (Fig. 5.29b). Additional cracks developed around
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the bolting area with an increase in load (Fig. 5.29c. The failure behaviour observed was
similar to the experimental result after Shan et al. (2018) (Fig. 5.29d).

(a)

(b)

(c)

(d) experiment (Shan et al., 2018)

Fig. 5.29 Failure behaviour observed in mesh supported plaster slabs
The steel mesh supported model had a peak load of 123 kN, compared to the experimental
value of 128 kN, Fig. 5.30. The peak load observed in the mesh confined model was
almost double that of the bolts only supported model. The model simulated in this case
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had almost no gap between the right most slab and steel mesh, however the gap between
the mesh and the rock surface can affect the reinforcement capacity of the steel mesh.

Fig. 5.30 Comparison of simulation results for steel mesh assembly
5.4.4 Buckling simulation of slabs supported by bolts and a FRP liner
The hydrostone plaster model supported by bolts and a FRP liner was also simulated using
similar boundary conditions to the bolts only assembly. The polymer-supported assembly
had a cohesive surface-based interface between the rightmost plaster slab and the polymer
to simulate the behaviour of the interaction between them. The mechanical properties of
the interface were taken from the calibrated interface model in Chapter 4. The mechanical
properties for the hydrostone plaster and polymer were listed in Table 5.3. After pretensioning the bolts, 0.6 mm displacement was applied based on the initial stiffness value
to simulate the slippage observed in the physical test, which was then followed by a
vertical displacement of 2.4 mm.
As a result of bonding of the polymer liner with the outer most plaster slab, tensile cracks
only began to form in the left most slab at a fairly high load of 105kN (Fig. 5.31a). In
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comparison, the mesh supported model had a cracking load of 90 kN and a peak load of
123 kN, which showed that the FRP liner delayed the formation of cracks in the plaster.
The FRP liner formed a composite system with the plaster, and the assembly kept on
sustaining the increasing load. The tensile cracks propagated towards the right until the
assembly reached a peak load of 201 kN (Fig. 5.31b and Fig. 5.32a). The crushing of
plaster slabs due to compressive stress was also observed near the middle section, Fig.
5.31c. After the peak load, shear cracks propagated in the outer slab, along with the
polymer interface, Fig. 5.32a. The inner plaster slabs failed in tension, and the rightmost
slab bonded to the polymer liner failed in shear, similar to the experimental results, Fig.
5.32b.
The load vs vertical displacement curves obtained as a result of the simulation were
compared against the experimental curves determined by Shan et al. (2018), Fig. 5.33.
The numerical results obtained were in good agreement with the experimental results.
The peak load observed in the physical tests was found to be 200 kN compared to the
simulation peak load of 201 kN. The curves showed that the FRP supported model had
greater stiffness and strength than the mesh and bolt only supported models.
The FRP supported model showed a 91% increase in the crack initiating load compared
to the bolts only assembly and a 16% increase when compared to the steel mesh supported
assembly. The bonding of the FRP with the outer plaster slab resisted the formation of
tensile cracks in the slab, which increased the peak strength of the assembly. The FRP
supported model had a peak load of 201 kN, 63% and 191% stronger than the steel mesh
and the bolts only plaster slabs assemblies, respectively. Table 5.4 compares the peak
and cracking load observed in the numerical simulations with the experimental results
after Shan et al. (2018).
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(a) Tensile stress at the initiation of the crack

(b) Tensile damage at the peak load

(c) Compressive damage at the complete failure
Fig. 5.31 Simulation results for buckling test on TSL supported plaster slabs
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(a) numerical modelling results

(b) experimental result
(Shan et al., 2018)

Fig. 5.32 Failure behaviour observed in FRP supported slabs

Fig. 5.33 Comparison of numerical simulation results and experimental results
after Shan et al. (2018)
The buckling simulations indicated the ability of the FRP liner in providing active support
against the buckling load. The polymer liner effectively confined the plaster slabs due to
bonding at the interface, however the steel mesh provided passive support to the plaster
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slabs. The large-scale guttering experiments carried out by Shan et al. (2014b) were
simulated in the next section to compare the reinforcement capacity of the FRP liner with
steel mesh against guttering.
Table 5.4 Peak and cracking loads observed in simulations vs experimental results
Sample description

Numerical simulations

Experiments after
Shan et al. (2018)

Peak
load
(kN)

Cracking
load
(kN)

Peak
load
(kN)

Cracking
load
(kN)

Steel bolts supported plaster
slabs assembly

69

55

63

56

Steel mesh and bolts supported
plaster slabs assembly

123

90

128

92

FRP liner and bolts supported
plaster slabs assembly

201

105

200

104

5.5

Numerical modelling of large-scale guttering tests

The reinforcement of a rock mass prone to guttering by bolts, welded steel mesh and a
FRP liner was studied numerically in this section. Numerical models were developed to
simulate the experimental work carried out by Shan et al. (2014b). Concrete blocks in the
shape of triangular prisms were used to mimic the roof undergoing guttering. Fig. 5.34
shows the four types of concrete prisms considered in this model to simulate the already
weakened rock mass. The prisms were 200 mm in width, 400 mm in length and 53 mm
in height with interior angles of 28° and 124°. The bolts were simulated using elastic
elements at appropriate locations. The numerical models consisted of concrete blocks,
bolted to a steel frame to form a rectangular concrete block 400 mm long, 400 mm wide
and 800 mm high, supported by bolts and 5 mm diameter welded steel mesh in the first
model and by bolts and 5 mm FRP liner in the second, shown in Fig. 5.35a and Fig.
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5.35b, respectively. The steel frame consisted of three steel plates, one at the back acting
as a competent stratum lying above the roof and two at the top and bottom of the model
for applying load.

Fig. 5.34 Triangular concrete prisms considered in this study

(a)

(b)

Fig. 5.35 Models for the guttering simulation (a) steel mesh and (b) FRP liner
The polymer liner was reinforced with three layers of a glass fibre sheet. The liner was
780 mm long, 400 mm wide and 5 mm thick. Welded steel mesh also had the same
153

dimensions. Both polymer and steel mesh did not fully cover the concrete surface so that
they were not loaded while applying the load on the model. The four components,
concrete blocks, bolts, FRP liner and welded steel mesh were modelled using the material
properties, listed in Table 5.5. The concrete prisms and polymer liner were modelled as
elastic materials in the dynamic simulations in order to reduce numerical complexity
associated with large number of elements and excessive simulation run time. Steel bolts
used to hold the concrete block with the steel frame were 16 mm in diameter and 0.5 m
in length.
Table 5.5 Material properties for the guttering model
Properties

Units

Concrete
prisms

Steel
mesh

Polymer
liner

Steel
bolts

Elastic modulus

(GPa)

0.2

210

3

210

0.24

0.3

0.35

0.3

-

570

-

570

Poisson’s ratio
Tensile strength

(MPa)

5.5.1 Guttering simulation for model supported by bolts and steel mesh
The guttering simulation was carried out in ABAQUS/EXPLICIT. The models were
loaded axially under compression to simulate the guttering of mine roof due to horizontal
stress. The load was applied under displacement control mode on the top steel plate, and
the bottom steel plate was simulated as fixed support. 8-node linear three dimensional
hexagonal (C3D8R) (ABAQUS, 2014) elements were used to mesh the model. The top
platen was given a vertical displacement of 30 mm and results were observed. The steel
mesh was modelled using beam elements and the concrete prisms were modelled using
the material properties listed in Table 5.5.
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5.5.2 Guttering simulation for model supported by bolts and an FRP liner
In this simulation, the model supported by bolts and an FRP liner was loaded under
compression. The loading steps were similar to the previous simulation. A cohesive
surface was defined in between the concrete blocks and polymer liner to define the
interface using the calibrated interface parameters in Chapter 4. The liner was modelled
using the mechanical properties obtained from the calibrated model in Chapter 4.
5.5.3 Numerical simulation results
Fig. 5.36 and Fig. 5.37 show the state of simulation after 80 mm of lateral deflection
and compares it with the experimental results for the steel mesh and the FRP liner
supported assembly, respectively. The numerical models accurately simulated the
behaviour of the physical models observed in the large-scale experiments. The concrete
prisms in the steel mesh supported assembly were found to rotate. However, the concrete
prisms in the assembly reinforced with the FRP liner showed less movement than the
mesh supported assembly due to the bonding of the FRP liner with the concrete prisms at
the interface. The bonding of the liner also assisted the prisms to maintain their integrity
during deformation.
The experiments carried out by Shan et al. (2014b) were terminated after a vertical
displacement of 27 mm was applied due to lack of space between the front surface of the
sample and the laser equipment for the steel mesh supported specimen and failure of one
of the steel bolts in the polymer supported specimen. So, a vertical displacement of 30
mm was applied in the models. The load vs vertical displacement for the two simulations
is compared with the experimental results in Fig. 5.38.
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(b) Experimental
after Shan et al. (2014b)

(a) Simulation result

Fig. 5.36 State of guttering after 80 mm deflection for mesh supported model

(a) Simulation result

(b) Experimental after
Shan et al. (2014b)

Fig. 5.37 State of guttering after 80 mm deflection for FRP liner supported model
The experimental results showed an initial slack in the load vs displacement curve, which
was a result of gaps between the concrete blocks during the test. The numerical models
did not have such an issue, so, a displacement offset was considered to match the
experimental results. The offset is the amount of deformation that will occur before the
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model begins to resist the load significantly. The displacement offsets of 7 mm and 8.5
mm were considered for the polymer and steel mesh supported assemblies, respectively.
The peak load of the steel mesh reinforced simulation was 270 kN after 30 mm of vertical
displacement, while the TSL reinforced simulation had a peak load of 550 kN at the same
vertical displacement, indicating that the FRP liner was stiffer than the steel mesh.

Fig. 5.38 Comparison of numerical simulation results and experimental results after
Shan et al. (2014b)

5.6

Discussion

The numerical models simulating small scale four-point bending tests conducted on
polymer reinforced plaster beams indicated an increase in the flexural strength of the
plaster beams when compared with unreinforced beams. The unreinforced models failed
after the onset of the first micro-crack, with the crack rapidly propagating through the
plaster, however, the polymer liner not only delayed the formation of the micro-cracks, it
also restricted the propagation and sustained a significantly higher load. The bonding of
the liner at the interface indicated its potential in providing an active support by forming
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a composite with the beam. The notched plaster beams failed at much lower normal load,
as expected, due to the presence of the notch, whereas the polymer liner in the notch filled
models redistributed the stress concentration and provided a substantial reinforcement.
The notched filled beam simulations indicated the support potential of liner in reinforcing
fractured strata by penetrating the cracks and joints and providing resistance to small rock
movements.
Three failure modes for the reinforced beam were observed in the numerical simulations:
delamination of the liner at the interface, diagonal tensile failure through the plaster and
compressive crushing at the support points. The tensile failure that was observed in the
unreinforced plaster model was restricted in the polymer reinforced beam due to the
strong adhesion of the liner at the plaster beam interface. Cracks were found to originate
at the support points due to compressive stresses and a distinct diagonal crack was
observed to form in the simulation. The crack originated from the support points and
extended to the loading points ultimately causing the failure of the beam. The damage
variable introduced in the concrete damage plasticity model enabled simulation of this
failure behaviour and the failure load obtained was comparable to the experimental
results. Delamination of the liner also occurred, originating above the point of support at
the interface and extending towards the middle of the beam. The cohesive zone model
accurately predicted the failure behaviour at the interface and the delamination of the liner
observed in the numerical simulation at higher load was similar to the experimental study.
The numerical simulations carried out in this study compares the reinforcement capacity
of a polymer liner and steel mesh against buckling and guttering failure. The polymer
liner showed better potential than the steel mesh in restricting both buckling and guttering.
The polymer supported model had higher crack initiating load and thus it can be
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concluded that the liner provided more effective reinforcement than the steel mesh in
limiting failure due to buckling. The polymer model was observed to fail in shear which
indicated that the liner was able to restrict the propagation of tensile cracks across the
slabs, whereas the steel mesh model and bolts only model were observed to fail when
tensile cracks originated at the outer surface of the right most slab. The steel mesh was
unable to confine the plaster slab which indicated the inability of the steel mesh in
providing support to the strata until a significant displacement has occurred. The polymer
liner showed potential in replacing the steel mesh and provide active support to the strata
immediately after application. The polymer liner restricted the movement of blocks in the
guttering test simulation, which indicated its potential in minimising the displacement of
the fractured rock upon application to the strata prone to guttering.
The numerical modelling offers an advantage over the large-scale laboratory experiments
which can be expensive, time-consuming and may require repeating many times. The
numerical model simulated the guttering experiment even beyond the applied
displacements of the physical test as the physical test was stopped due to the failure of
one of the steel bolts for the polymer supported specimen and lack of space between front
surface of the sample and the laser equipment for the steel mesh supported specimen. The
numerical models in this study were calibrated and validated using experimental results.
The polymer liner demonstrated better reinforcement potential than the steel mesh in the
large scale simulations. Using the information gained from modelling the small and large
scale laboratory tests, a mine-scale model was developed in the next chapter to investigate
the support capacity of the liner in supporting an underground coal mine roadway.
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Chapter 6
Numerical Modelling of an Underground Mine Roadway
6.1

Introduction

The concrete damaged plasticity and cohesive zone methodology developed in this work
were calibrated and validated using the laboratory experiments in the previous chapters.
In this chapter, the developed methodology was used to simulate a mine roadway in an
underground coal mine. The numerical models developed in this chapter simulate four
different scenarios. In the first model, an unsupported mine roadway was considered; in
the second model a mine roadway reinforced with rock bolts was considered; in the third
model a mine roadway supported with steel mesh and rock bolts was considered and in
the fourth model a mine roadway supported with the polymer liner and rock bolts was
simulated. Rock bolts are considered a primary support system, while steel mesh and thin
polymeric liners are considered to be secondary support systems.
The performance of polymer liner reinforcement used as a surface support was compared
with steel mesh under different stress conditions with the increasing depths of the mine
models. The mine roadway for all four scenarios was simulated at depths of 200 m, 400
m and 600 m below the ground surface. The vertical stress was increased with an increase
in the depth of the model. The horizontal stresses were also increased in the same ratio as
the vertical stress. The displacements of the crown, floor and rib of the mine roadways
were compared for the four support scenarios. The damage to the immediate roof in
different models was also examined in this chapter.
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6.2

Mine Models

A three-dimensional model of an underground coal mine roadway was developed in this
work to analyse the performance of polymer liner reinforcement used as surface support.
The initial roadway was developed in a 3 m thick coal seam and was located 400 m below
the ground surface. The mine roadway was 5 m wide by 3 m high. The overall model
dimensions were 100 m wide, 50 m long and 100 m high. The boundary size was selected
large enough, so that the nodes at the boundary of the model have almost zero
displacement at the equilibrium. Two planes of symmetry passing through the centre of
the roadway, in directions perpendicular and parallel to the roadway orientation were
considered, so only quarter of the mine was simulated. The simulated model was 50 m
wide, 25 m long and 100 m high. Fig. 6.1 shows the mine model and the mine roadway
considered in this study. The coordinate system was defined at the bottom of the model
with the y-axis representing the vertical direction, x-axis representing the direction
perpendicular to the excavation in the horizontal direction and z-axis representing the
direction parallel to the excavation direction in the second horizontal direction.
6.2.1 Geology
The immediate roof of the roadway consisted of layers of 1 m thick claystone, 1 m thick
black shale, 1 m thick grey shale, 0.5 m thick siltstone and 0.5 m thick sandstone. The
upper roof was made of a relatively competent sandstone layer having a thickness of 53
m. The floor of the roadway consisted of a 1 m thick grey shale layer, a 0.5 m thick
siltstone layer and a 0.5 m thick sandstone layer. The strata underlying the floor was a 38
m thick layer of competent sandstone. Fig. 6.2 shows the lithology for the mine model.
Table 6.1 lists the input parameters and properties of the rock layers used in the numerical
model. A section 10 m wide, 5 m long and 100 m high around the opening was made in
the model, Fig. 6.1b, which was given plastic parameters. The rest of the mine was
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simulated with elastic parameters to simplify the analysis. A concrete damaged plasticity
model was used as the constitutive model for all rock types, and a strain-softening
behaviour of the rock was followed after the peak strength. The tensile strength of the
rock was assumed to decrease to 1% of the initial value over one milli-strain of postfailure plastic strain, Table 6.2. Bedding planes at a spacing of 0.5 m and 1 m were also
considered between the layers, and a cohesive surface interaction was considered for
defining the surface interaction and failure. Table 6.3 lists the interface properties
considered in the numerical models.

(a)

(b)
Fig. 6.1 Three-dimensional model showing the mine roadway
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Fig. 6.2 Model showing lithology of different layers
Table 6.1 Rock properties (Shan, 2017)
Properties

Units

Density

kg/m3

Bulk Modulus
Shear Modulus

Coal

Claystone

Black
shale

Grey
shale

Silt- Sand- Compstone stone -etent
sandstone

1712

2067

2335

2335

2347

2463

2500

GPa

2.8

2.5

3.3

4.2

4.7

6.7

8

GPa

0.9

1.2

1.5

1.9

2.8

4

4.8

Elastic Modulus GPa

2.43

3.1

3.91

4.95

7

10

12

Poisson’s ratio

0.35

0.29

0.3

0.3

0.25

0.25

0.25

Tensile strength

MPa

0.17

0.3

0.6

1

1.9

3.5

4.2

Compressive
strength

MPa

2

3.56

6

10

19

35

42

Cohesion

MPa

0.6

1.2

2

3.3

6

10

12

Internal angle of (o)
friction

29

22

23

24

26

30

32

(o)

10

10

10

10

10

10

10

Dilation angle
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Table 6.2 Concrete damage plasticity model parameters
Rock type

Compressive
strength at
failure
(MPa)

Plastic strain
at failure

0.2

-0.01

0.0017

-0.000007

0.356

-0.01

0.003

-0.00001

Black shale

0.6

-0.015

0.006

-0.00015

Grey shale

1

-0.02

0.01

-0.0002

Siltstone

1.9

-0.025

0.019

-0.0003

Sandstone

3.5

-0.035

0.035

-0.00035

Competent sandstone

4.2

-0.035

0.042

-0.00035

Coal
Claystone

Tensile strength
at failure

Plastic
strain at
failure

(MPa)

Table 6.3 Mechanical properties of interfaces (Shan, 2017)
Interface

Joint
cohesion

Joint
tension

Friction
angle

Dilation
angle

MPa

MPa

(o)

(o)

Coal/claystone
interface

0.3

0.08

25

10

Coal/grey shale
interface

0.3

0.08

25

10

Claystone/black shale
interface

0.5

0.15

21

10

Black shale/grey shale
interface

1.0

0.30

22

10

Grey shale/siltstone
interface

1.9

0.60

23

10

Siltstone/sandstone
interface

4.5

1.40

25

10

Sandstone/competent
sandstone interface

7.0

2.30

27

10

Units
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6.2.2

Strata support

Ten fully grouted rock bolts were installed in the mine roof (claystone, black shale and
grey shale layers) at a spacing of 1 m in both lateral and horizontal directions to increase
the stiffness and strength of the rock. The rock bolts were 2.4 in length and 24 mm in
diameter. The grout encapsulation was 2.5 m in length and had an annulus width of 3 mm.
Bolt holes having a diameter of 30 mm and 2.5 m long were cut in the roof. The interface
behaviour between the rock bolts, grout and the rock mass was modelled using the
surface-to-surface interaction available in ABAQUS. In the direction normal to the
interface, a hard contact property, which transmits full momentum and energy was
adopted. The contact surfaces defined at the rock mass, bolts, plates and grout interfaces
are shown in Fig. 6.3. In the tangential direction, a friction coefficient of 0.5 was defined.
Steel mesh was modelled using beam elements tied to the bolt plates. Table 6.4 and Table
6.5 list the input parameters for the rock bolts and steel mesh, respectively. The grout was
given elastic properties (E = 10 GPa and ν = 0.3). The polymer liner was modelled using
solid elements and its properties are listed in Table 6.6.

Fig. 6.3 Contact surfaces defined at the interface of the bolt, grout and rock mass
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Table 6.4 Rock bolt properties
Properties

Units

Values

Elastic modulus

GPa

200

Poisson’s ratio

0.3

Tensile strength

MPa

550

Diameter

mm

24

m

2.4

Length

Table 6.5 Mechanical properties of steel mesh
Properties

Units

Values

Elastic modulus

GPa

200

Poisson’s ratio

0.3

Tensile strength

MPa

570 and 676

Diameter

mm

5 and 7

Table 6.6 Mechanical properties of the polymer liner
Properties

Units

Values

Elastic modulus

GPa

3

Poisson’s ratio

0.35

Tensile strength

MPa

40

Tensile bond strength

MPa

2

Shear bond strength

MPa

10

Thickness

mm

5

6.2.3 Boundary conditions
The bottom of the model was fixed in all directions. Two planes of symmetry were
applied, the first one at the left face of the model (x = 0 m) and the second at the middle
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of the roadway (z = 25 m). Gravity was applied to the whole model.
6.2.4 In-situ stress
The 3 m thick coal seam was located at a depth of 400 m below the ground surface, and
the top of the model was at a depth of 340 m. The vertical stress at a depth of 340 m was
calculated using Eq. 6.1. The lateral stress in the competent sandstone layer was assumed
to be 3 and 1.75 times the vertical stress in the maximum lateral stress and minimum
lateral stress directions, respectively. The maximum lateral stress was oriented parallel to
the roadway direction and the minimum lateral stress was applied perpendicular to the
roadway direction. The vertical stress was assumed to be the same in all the layers. The
in-situ horizontal stresses on the different layers of the model were then normalised using
Eq. 6.2 (Nemcik et al., 2006). The estimation of horizontal stress at the coal layer is
illustrated.
=
=
Where:

⁄

[

−

=
⁄( − ) ] +

= normalised lateral stress,

Young’s Modulus,

(6.1)

⁄

⁄( − )

(6.2)

= ratio of normalised and measured

= measured lateral stress,

= vertical stress,

= Poisson’s ratio,

= specific weight and ℎ = depth of the rock layer.
Using Eq. 6.2,
= Young’s modulus of coal layer = 2.43 GPa
= Young’s modulus of competent sandstone layer = 12 GPa
= Measured lateral stress in competent sandstone layer = 25 MPa
= Vertical stress = 8.5 MPa
= Poisson’s ratio of coal layer = 0.35
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So, normalised lateral stress in coal layer,
=

⁄

[

−

⁄(1 − ) ] +

⁄(1 − )

= 2.43/12 [25 – 8.5(0.35/(1-0.35))] + 8.5(0.35/(1-0.35))
= 8.8 MPa
Similarly, the minimum lateral stress of 15 MPa in the competent sandstone layer was
normalised to a value of 6.7 MPa for the coal layer. Table 6.7 lists the normalised in-situ
stress state for each rock layer.
Table 6.7 Normalised in-situ stress state at a depth of 400 m
Rock type

Maximum lateral
stress ( ) MPa

Minimum lateral
stress ( ) MPa

Vertical stress
( ) MPa

Coal

8.8

6.7

8.5

Claystone

9.0

6.4

8.5

Black shale

10.6

7.3

8.5

Grey shale

12.5

8.3

8.5

Siltstone

15.8

9.9

8.5

Sandstone

21.3

13.0

8.5

Competent sandstone

25.0

15.0

8.5

6.2.5 Effect of mining depth
A parametric study was carried out to investigate the reinforcement capacity of the
polymer liner, steel mesh and rock bolts assembly at different mining depths. Two
additional mining depths of 200 m and 600 m were considered, and observations were
compared with the results of the model simulated at a depth of 400 m. The in-situ stresses
at the new mining depths were estimated as before. The vertical stress at different mining
depths was calculated using Eq. 6.1. The ratio of horizontal stresses to the vertical stress
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in the competent sandstone layer was assumed to be consistent at the three different
depths. The maximum lateral stress was about three times the vertical stress and the
minimum lateral stress was about 1.75 times the vertical stress, at all three depths. Table
6.8 lists the vertical stress applied and the assumed lateral stresses for the competent
sandstone layer for all the models. Normalised lateral stresses for other layers were
estimated using Eq. 6.2 and are listed in Table 6.9 for the models at a depth of 200 m and
600 m.
Table 6.8 In-situ stress state for the competent sandstone layer at different depths
Depth
Vertical stress (

200 m

400 m

600 m

3.5

8.5

13.5

)

Maximum lateral stress (

)

10.3

25

39.7

Minimum lateral stress (

)

6.2

15

23.8

Table 6.9 Normalised in-situ stress state at depths of 200 and 600 m
Rock type

Maximum lateral stress
( ) MPa

Depth

200 m

600 m

Coal

3.6

Claystone

Minimum lateral stress
( ) MPa
200 m

600 m

14.0

2.8

10.7

3.7

14.3

2.7

10.2

Black shale

4.4

16.8

3.0

11.7

Grey shale

5.1

19.8

3.4

13.2

Siltstone

6.5

25.0

4.1

15.8

Sandstone

8.8

33.8

5.4

20.6

Competent sandstone

10.3

39.7

6.2

23.8
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6.3

Numerical Analyses

The developed mine roadway models were simulated under the in-situ stress conditions
and the results were analysed. Four models were considered in this study. In the first
model, a roadway without any support system was simulated. In the second model, rock
bolts were used as a primary reinforcement. In the third model, steel mesh was used as
secondary support along with the rock bolts and in the fourth model, a polymer liner was
used in place of steel mesh for surface support along with the rock bolts.
6.3.1

Unsupported mine roadway

In this model, the roadway was simulated without any support system. The in-situ stresses
calculated in the previous section were applied to the model. The roof and floor of the
roadway were meshed with solid elements with an element size of 0.2 m. The coal ribs
were meshed with an element size of 0.25 m. The element size was increased from 0.25
m to 5 m across the width of the model. The element size was selected as small as possible
by taking both accuracy of the results and computing power required to run the simulation
into consideration. Fig. 6.4 shows the meshed mine roadway with different strata layers
without any support. Only the section defined with plastic properties is shown.

Fig. 6.4 Mine model and roadway without any support
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6.3.2

Mine model supported by the rock bolts and plates

In the second model, the mine roof was reinforced with rock bolts and plates. Fig. 6.5
shows (a) mine roadway and (b) immediate roof (claystone layer) supported by rock bolts
and plates. The elements were meshed in a similar fashion as the unsupported model.

(a) mine roadway reinforced with rock bolts and plates

(b) immediate roof with rock bolts, grout and plates
Fig. 6.5 Model showing rock bolts and plates supporting the immediate roof
6.3.3

Mine model supported by steel mesh and rock bolts and plates

The roof mesh considered for the mine model was similar to the mesh section modelled
in Chapter 4. It comprised of 5 mm diameter longitudinal and transverse steel wires with
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7 mm longitudinal reinforcing wires at the bolt plates. The longitudinal wires were 5 m
long and transverse wires were 2.5 m wide, Fig. 6.6. The model was meshed similar to
the previous model.

(a) steel mesh and rock bolts supported model

(b) steel mesh and rock bolts
Fig. 6.6 Model showing the mine roof supported by rock bolts and steel mesh
6.3.4

Mine model supported by polymer liner and rock bolts and plates

A 5 mm thick polymer liner was applied to the roof in an underground coal mine roadway
in the fourth model. The liner was bonded to the roof, and the strata were also bolted with
2.4 m long rock bolts similar to the previous models. Fig. 6.7 shows the mine model
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consisting of the mine strata, the polymer liner and rock bolts. A cohesive interaction was
defined between the polymer liner and claystone roof using the tensile and shear bond
strength of the interface, as listed in Table 6.6. A damage variable from the calibrated
small-scale simulations in Chapter 4 was also defined to predict the failure of the TSL
bonding at the rock - substrate interface.

(a) polymer liner and rock bolts model

(b) polymer liner and rock bolts
Fig. 6.7 Model showing the mine roof supported by the polymer liner and rock bolts
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6.4

Numerical Results

A 25 m long roadway was excavated in the mine and the numerical models were
simulated at depths of 200 m, 400 m and 600 m for all four support scenarios. The
following sections describe the results observed in the numerical models.
6.4.1 Unsupported mine roadway model
The in-situ stress field applied in the mine model at the depth of 400 m had a maximum
horizontal stress of 25 MPa, minimum horizontal stress of 15 MPa and a vertical stress of
8.5 MPa. Initially, an elastic model without any plastic parameters and joint interface
strength parameters was simulated to assess the stress conditions at the roadway. The
strength of the rock mass reduces on plastic deformation and the CDP model reduces the
tensile and compressive strengths gradually to the residual values. As a result, the stress
distribution changes on rock mass failure. The elastic analysis can indicate the initial
response of the roadway to the stress conditions, and different failure modes that can
develop in response to the elastic stress redistributions can also be assessed (Seedsman,
2009).
The principal stresses observed in the elastic simulation are shown in Fig. 6.8. At
equilibrium, the in-situ stress redistributed around the roadway opening. It should be
noted that in ABAQUS, positive stresses indicate tension and negative stresses indicate
compression. The minimum and maximum lateral stresses distributed near the roof and
floor and the vertical stress distributed near the rib. The tensile stress in the roof, caused
by the combination of in-situ and mining-induced stresses, was observed to exceed the
tensile strength of the roof, Fig. 6.8a. The tensile stress can cause sliding and separation
of the roof and a fracture zone by tensile cracks can also occur in the immediate roof of
the roadway. The compressive stress concentrated near the corner of the rib and roof,
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indicating potential compressive failure zone, Fig. 6.8b

(a) maximum principal stress

(b) minimum principal stress
Fig. 6.8 Stresses observed in the elastic mine model
In the next simulation, the strength parameters for the rock strata and interface
interactions were considered. The stress distribution for the unsupported model is shown
in Fig. 6.9. The tensile stress in the roof, Fig. 6.9a, caused the separation of the roof
layers. The bedding planes defined at the interface of claystone, black shale and grey
shale layers in the roof were found to have separated. The compressive stress, Fig. 6.9b,
was observed to be concentrated at a distance of 3 m into the coal rib, which indicated
that the coal rib pillar up to 3 m thickness had already failed due to crushing. The buckling
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of the rib also generated tensile stress in the rib.

(a) maximum principal stress

(b) minimum principal stress
Fig. 6.9 Stresses observed in the unsupported roadway model
The failure behaviour of the roadway is shown in Fig. 6.10. The compressive crushing
of the rib can be seen in Fig. 6.10a. The tensile stress in the roof has also reached the
tensile strength of the claystone layer and the roof has failed as shown in Fig. 6.10b.
Tensile cracks generated in the rib due to buckling, similar to the unsupported large scale
buckling of plaster slabs model in the previous chapter. The fracture zone in the roof
expands towards the rib, eventually resulting in yield of the rib pillar. The yield zone
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observed in the unsupported models at different mining depths are shown in Fig. 6.11.
The yield zone in the roof increased with increase in the mining depths due to increase in
stress conditions. It extended to a height of 1 m in the roof at 200 m depth, 2 m in the roof
at 400 m depth and to a height of 3 m in the roof at a depth of 600 m. The yield zone in
the coal rib extended to a distance of 1 m at the depth of 200 m, 2 m at 400 m and 2.5 m
at 600 m. The extension of the yield zone in the mine roof and coal rib was expected due
to the increase in both vertical and lateral stresses with the mining depths.

(a) compressive failure

(b) tensile failure
Fig. 6.10 Compressive and tensile failure of the unsupported roadway at 400 m
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(a) 200 m

(b) 400 m

(c) 600 m
Fig. 6.11 Failure behaviour of the unsupported roadway models
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The applied vertical stress caused the roof to sag by 39 mm near the centre of the roadway
and 7 mm of floor heave. The applied horizontal stress resulted in a maximum horizontal
deflection of 30 mm near the centre of the rib and 14 mm at the floor. The deformation
observed at equilibrium is shown in Fig. 6.12. Abaqus divides every step into equilibrium
mini steps, so the model solves every iteration to equilibrium in order to achieve
convergence. Since the material has failed in the model, the displacement kept on
increasing. The buckling of the coal rib due to crushing can be clearly seen in the model.
The plot scale has been magnified by 10 times to illustrate the deformation observed. The
unsupported roof at a depth of 200 m had a vertical deformation of 15 mm and at 600 m
it was 80 mm, Fig. 6.13.

(a) vertical deformation

(b) horizontal deformation
Fig. 6.12 Observed deformation plots for the unsupported roadway model
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Fig. 6.13 Roof displacement for the unsupported roadway models
6.4.2 Rock bolts supported mine roadway model
The principal stresses observed in the rock layers for the bolts support model at a depth
of 400 m are shown in Fig. 6.14. The installation of roof bolts reduced the tensile stress
in the immediate roof to 1.6 MPa, from the 2 MPa observed in the unsupported model.
The rock bolts used for rock mass reinforcement, were observed to support the failed
loose rock blocks and pinned them to the upper part of the self-supporting rock mass.
Under the suspension conditions, axial loads were generated in the rock bolts. The stresses
developed in the rock bolts were a combination of axial loading due to bolt deflection and
reaction forces from the rock/grout interaction, and shear loading caused by beam bending
and slip along the bedding planes interface. The bending of rock bolts observed in the
model (magnified by 10 times) at the claystone-black shale interface is shown in Fig.
6.15.
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(a) maximum principal stress

(b) minimum principal stress
Fig. 6.14 Principal stresses in the rock bolts supported model

Fig. 6.15 Bending of rock bolts near the bedding plane interfaces
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The overall compressive and tensile failure observed in the model are shown in Fig. 6.16.
The yield zone extended to a height of 1 m in the immediate roof, which was an
improvement over the unsupported model. The rock bolts supported model at a depth of
200 m had failure limited to the bottom surface of the roof and the yield zone in the model
at a depth of 600 m extended to a distance of 2 m into the roof. The application of rock
bolts provided structural support by tying the failing rock mass to the competent notfailed rock mass strata and restricted the movement of the rock mass to some extent. As
a result, the vertical deformation of the roof at a depth of 400 m reduced by 10 mm in the
rock bolts model when compared with the unsupported model at the same depth, Fig.
6.17a. The effect of rock bolts reinforcement increased with increase in depth, the rock
bolts supported roof at depths of 200 m and 600 m had vertical deformations of 13 mm
and 46 mm, Fig. 6.18, compared to respective deformations of 15 mm and 80 mm
observed in the unsupported model.
The coal pillar rib was also found to be compressed and failure extended 2 m into the rib,
the same as the unsupported model, Fig. 6.16, indicating no effect of roof reinforcement
on the rib stability. The coal rib had a similar deformation to the unsupported roadway
model, Fig. 6.17b. The applied horizontal stresses in the model at a depth of 400 m
resulted in a maximum horizontal deflection of 29 mm near the centre of the rib and 11
mm at the floor, Fig. 6.17b. The buckling of the coal rib due to crushing can be clearly
seen in the model. The plot scale has been magnified by 10 times to illustrate the
deformation observed. The model at a depth of 600 m had a horizontal deformation of 62
mm near the centre of the coal rib, as a result the yield zone extended to a distance of 2.5
m into the rib, similar to the unsupported model, indicating the need for rib reinforcement.
In this work, the focus is mainly on the effect of surface support on the roof, so the results
from the steel mesh and the polymer liner models are analysed in the next sections.
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(a) 200 m

(b) 400 m

(c) 600 m
Fig. 6.16 Failure behaviour of the bolts supported roadway model
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(a) vertical deformation

(b) horizontal deformation
Fig. 6.17 Observed deformation plots for the rock bolts supported roadway model

Fig. 6.18 Roof displacement for the rock bolts roadway models
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6.4.3 Steel mesh and rock bolts supported mine roadway model
The steel mesh being tied to the bolt plates provided skin support to the immediate
claystone roof and carried loads from individual rock blocks isolated by structural
discontinuities or zones of failed rock. Fig. 6.19 shows the maximum principal stress
observed in the model at a depth of 400 m. The tensile stress in the roof decreased further
as a result of confinement provided by steel mesh which reduced bending and rotation of
the rock blocks near the bolt plates. The failure of the roof was similar to the rock bolts
supported models at all three mining depths, as the steel mesh does not provide any rock
reinforcement, Fig. 6.20, however, the deformation of the roof was less when compared
with the rock bolts supported model, as steel mesh restricted the rotation of the elements
between the bolts. So these elements cannot rotate down and subsequently the
neighbouring elements are held in place.

(a) maximum principal stress

(b) minimum principal stress
Fig. 6.19 Principal stresses observed in the steel mesh model
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The application of steel mesh together with rock bolts reduced the vertical displacement
of the roof to 23 mm, Fig. 6.21a. The maximum lateral displacement observed at the
centre of the coal rib was about 29 mm, similar to the previous models and the yield zone
extended to a distance of 2 m into the coal rib, Fig. 6.21b, again indicating no effect of
roof support system on the rib stability. Steel mesh in the model deformed excessively
and a gap was observed between the roof and mesh. The mesh was in contact with the
roof only near the bolt plates. The effectiveness of support provided was affected by the
gap and proved the passive nature of support provided by steel mesh, which requires the
rock mass to deform in order to provide support.
The roof at a depth of 200 m experienced a vertical deformation of 12 mm, a slight
improvement from the rock bolts supported model, however at a mining depth of 600 m,
the roof displaced by 36 mm compared to 46 mm in the rock bolts supported model, Fig.
6.22. The support potential of steel mesh improved with increase in depth, because with
increased rock deformation with depth, the mesh can come in contact with the rock mass
and provide effective confinement.
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(a) 200 m

(b) 400 m

(c) 600m
Fig. 6.20 Failure behaviour of steel mesh and rock bolts model
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(a) vertical deformation

(b) horizontal deformation
Fig. 6.21 Observed deformation plots for the steel mesh supported roadway model

Fig. 6.22 Roof displacement for the steel mesh and rock bolts roadway models
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6.4.4 Polymer liner and rock bolts supported mine roadway model
The principal stresses observed in the polymer liner are shown in Fig. 6.23. The polymer
liner, when applied to the immediate roof, formed a composite with the claystone layer.
The ability of the polymer liner to bond with the substrate is quantified in terms of its
tensile and shear bond strength. Fig. 6.24 shows the maximum tensile and shear stress
generated at the interface during loading. The maximum tensile bond stress and shear
bond stress observed at the interface were 0.6 MPa and 1.3 MPa, respectively, which were
less than the ultimate tensile bond strength and shear bond strength of the polymer liner
of 2 MPa and 10 MPa, respectively, which indicated complete bonding of the liner with
the rock mass and that the liner was able to provide reinforcement to the rock mass.

(a) maximum principal stress

(b) minimum principal stress
Fig. 6.23 Principal stresses observed in the polymer liner model
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A damage variable similar to previous chapters was also defined to study the propagation
of interface failure. Fig. 6.25 indicates the value of the damage variable observed in the
immediate roof (claystone) and the polymer liner interface. The damage variable has a
value between 0 and 1, where zero indicates no failure (shown in blue) and one indicates
the complete failure (shown in red) of the cohesive bond at the interface. The bonding at
the interface has not failed due to the loading, which was expected as the stresses at the
interface were well below the ultimate bond strength values.

(a) Tensile stress at the interface

(b) Shear stress at the interface
Fig. 6.24 Stresses at the polymer liner and roof rock interface
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Fig. 6.25 Failure behaviour of the polymer liner and roof rock interface
The polymer liner improved the roof stability by adhering to the rock surface. The
bonding of the liner provided reinforcement to the weak claystone layer and maintained
confinement at the roof. The polymer liner, similar to the small scale models in previous
chapters, increased the tensile strength of the composite system and minimised the tensile
fractures in the roof, Fig. 6.26a. The application of liner redirected some of the lateral
stresses away from the coal rib and the yield zone extended to a distance of 1.2 m in the
coal rib, Fig. 6.26b. The liner did not fail during loading and was observed to sustain the
tensile stress up to 18 MPa, Fig. 6.27, which was still below its tensile strength. The
failure behaviour observed in the polymer liner model at different depths is shown in Fig.
6.28. The yield zone extended to a distance of 2.5 m in the coal rib at a depth of 600 m,
Fig. 6.28c, similar to the previous models, indicating to effect of roof reinforcement on
the rib stability.
The liner not only provided effective reinforcement to the roof, but also minimised strata
displacement. The mine roof supported by the polymer liner and rock bolts showed the
least sag of 19 mm, Fig. 6.29a, when compared with all the previous models. The coal
ribs had similar lateral deformation of 28 mm, Fig. 6.29b. The roof at a depth of 200 m
experienced a vertical deformation of 7 mm, a significant improvement from both the
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rock bolts only supported model and bolts and mesh supported model, and at a mining
depth of 600 m, the roof displaced by 26 mm compared to 36 mm in the steel mesh
supported model and 46 mm in rock bolts supported model, Fig. 6.30.

(a) compressive damage

(b) tensile damage
Fig. 6.26 Failure behaviour of polymer liner and rock bolts model

Fig. 6.27 Maximum principal stress observed in the polymer liner
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(a) 200 m

(b) 400 m

(c) 600 m
Fig. 6.28 Failure behaviour of polymer liner and rock bolts model
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(a)

(b)
Fig. 6.29 Deformation observed in the polymer liner model

Fig. 6.30 Deformation observed in the polymer liner model
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Fig. 6.31 shows the displacement observed at the roadway crown in all four models at
three different mining depths. The figure clearly illustrates the effect of using skin support
along with rock bolts in controlling the roof sag.

Fig. 6.31 Displacement of the mine roof at a depth of 400 m

Fig. 6.32 Displacement of the mine roof at a depth of 600 m
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6.4.5 Reinforcement capacity at different depths
The reinforcement capacity of the polymer liner was compared with steel mesh. The
vertical displacement observed at the centre of the roadway in all models, at each depth,
is shown in Fig. 6.33. The results indicated that the polymer liner provided greater
resistance to deformation than steel mesh. The ability of the liner to adhere to the rock
surface contributed to its reinforcement capacity. The deformation observed in the roof
for all four models reached equilibrium, however the deformation observed before
reaching equilibrium varied in the models, indicating difference in the support potential.
At a depth of 600 m, the roof supported by steel mesh and rock bolts had a vertical
displacement of 36 mm before reaching equilibrium. On the other hand, the roof
supported by the polymer liner and rock bolts at a depth of 600 m had a vertical
displacement of 26 mm.

Fig. 6.33 Roof displacement observed at different mining depths

196

6.5

Discussion

A finite element mine roadway model, based on the concrete damaged plasticity model
and cohesive zone methodology, has been presented to study the reinforcement potential
of a polymer-based liner in supporting an underground coal mine roof. The rock mass
failure was simulated using the constitutive equations presented in Chapter 4 and the
parameters for the concrete damaged plasticity model for different rock layers were
presented. The calibration work done in Chapter 4 was used to model the polymer liner
and steel mesh. The in-situ stress conditions for different rock strata layers were
determined using empirical relationships that depend on the measured stress conditions
in a layer and the stiffness of the layers. The numerical results in this chapter focused on
the influence of the roadway excavation in a coal mine, stress redistribution around the
excavation and failure of the rock mass as a result of stress redistribution.
As expected, the unsupported model had the maximum roof displacement and the
application of rock bolts reduced the deformation and was able to restrict the failure of
the roof to some extent. The polymer liner and steel mesh, both significantly reduced the
roof displacement and restricted the extension of the failure region into the roof. The
deformations observed in steel mesh models were higher than the polymer liner model
indicating the passive nature of support provided by the steel mesh. The effect of
reinforcement was also studied at different mining depths and the support potential of the
steel mesh increased with increase in rock deformation with increasing depth, however,
the polymer liner showed better reinforcement capacity than the steel mesh.
The behaviour of the bedding planes with loading was studied by using the cohesive zone
methodology. The separation of bedding planes at rock interface was predicted using a
damage variable, similar to that used in previous chapters. A cohesive surface defined at
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the interface of the polymer liner and the immediate roof simulated the bonding behaviour
of the polymer liner accurately. The stresses at the interface were well below the bond
strength of the polymer liner, which indicated that the liner was bonded perfectly to the
rock surface and provided active support to the rock mass. The bonding of liner to the
rock surface is its most important property which provided active support when compared
to the passive support provided by steel mesh.
The three dimensional model developed was able to assess the extent of compressive and
tensile failure in the rock mass, behaviour of cohesive bonding at the liner and rock
interface and the reinforcement potential of various support elements. The simulations
carried out in this work were processed using the National Computational Infrastructure
(NCI) high performance computer cluster made available by the University of
Wollongong. Many assumptions were considered in this research in order to focus mainly
on the numerical modelling of the polymer liner interface. The rock bolts used for
reinforcement were considered rigid bodies and were tied to the bolt holes to simplify the
models and reduce the number of surface elements. The bedding planes considered in this
model were also placed in a horizontal direction at a spacing of 0.5 and 1 m, which
simplified the actual site conditions. The steel mesh in the model was made from 2D wire
with a defined thickness and was simulated using beam elements. The models with rock
bolts and surface support were meshed with solid elements having sizes ranging from 0.5
mm to 2 mm. The models after considering all the simplifications, still had at least
400,000 elements. A typical three-dimensional large scale mine model simulation
required processing on 8-12 CPUs, 32-48 GB of memory and took about 60-70 hours of
compute time. Significant improvements in parallel processing and compute power will
be required for more detailed analysis of failure behaviour in future.
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Chapter 7
Conclusions and Recommendations
This chapter puts together the salient findings from the current research and then makes
some recommendations for potential areas of future research.

7.1

Conclusions

Ground support systems play an essential role in maintaining the stability and safety of
underground mine workings. Rock bolts are very useful in reinforcing the rock mass, but
the lack of areal support coverage between bolts may lead to instability in very weak strata
and highly jointed strong strata. Support systems such as steel mesh and shotcrete are
widely used for surface support along with the rock bolts, however, their application is
both labour intensive and time-consuming. In recent times, the use of thin spray-on liners
(TSLs) has become a substitute to the existing support systems, however, the research
conducted so far in the field of TSLs is focused mainly on the mechanical properties of
the TSL and its performance with respect to other surface support systems.
The findings from the reviewed literature highlighted the ability of the TSLs to adhere to
the rock surface and provide an active reinforcement immediately after application, along
with the skin confinement. Many experimental studies investigated the adhesion using
pull tests and shear tests; however, there is a minimal understanding of the adhesion of
the TSLs with the rock substrate using numerical modelling techniques.
The polymer liner considered in this research work is being developed at the University
of Wollongong for application in underground coal mines. Two types of polymer liner
were considered, one without any glass fibre reinforcement and the other having 12%
glass fibre reinforcement. Based on the tensile tests on dog-bone shaped and compressive
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tests on cube-shaped polymer samples, the following conclusions can be drawn:
a) The polymer liner showed a linear elastic behaviour in tension, followed by a brittle
failure at the peak load.
b) The compressive tests conducted on unreinforced polymer specimens were used as a
lower bound for compressive failure in the numerical models.
c) The polymer samples under compressive loading showed linear elastic response up to
5-6% strain, followed by a drop in load due to failure of specimen edges and rising
again until brittle failure at peak load.
d) The calibration of the liner material model was done by using the uniaxial
compression and tensile tests results.
7.1.1 Calibration of model parameters for the rock substrate (Hydrostone)
Hydrostone was used to simulate the substrate bonded to the polymer liner in the
numerical models. The mechanical properties of the hydrostone plaster were determined
using compression, tensile and triaxial compression tests in the laboratory. The strength
of hydrostone plaster was observed to be affected by the preparation process and curing
time. Detailed steps for preparing uniform hydrostone samples considering weight ratio,
the temperature of water used, soaking time, mixing time and curing period were listed
in Chapter 3. A concrete damaged plasticity model was defined to simulate the behaviour
of the hydrostone plaster numerically. The plasticity model simulated the failure of the
plaster samples accurately and was able to simulate the post-peak failure behaviour as
well. Two damage variables representing the damage to material stiffness due to failure
in tensile and compressive loading were defined, and their evolution was shown to
represent the failure propagation. Uniaxial compression and indirect tensile tests on
hydrostone experiments were simulated to calibrate the concrete damaged plasticity
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model. The simulation results indicated that the tensile strength estimated using a
Brazilian disc test overestimated the actual tensile strength of the plaster.
7.1.2 Calibration of model parameters for thin spray-on liners
A new model based on a cohesive surface was developed in Chapter 4 to understand the
interaction mechanisms of the polymer liner when adhered to the rock substrate. The new
methodology considered three stages of interface behaviour, i.e. linear elastic behaviour
stage, bond failure stage and friction sliding stage. The tensile and shear bond strength
values were used to predict the failure initiation and an exponential evolution of failure
behaviour was calibrated by back analysis of results from double-sided shear tests carried
out by Shan (2017).
7.1.3 Small scale experiments to investigate polymer reinforcement potential
The ability of a polymer liner to form a composite system with the substrate by bonding
at the interface was investigated by conducting four-point bending tests on plaster beams
with and without polymer liner reinforcement. The findings from the tests are detailed
below:
a) The unreinforced beams failed at the onset of the first micro-crack, originating near
the middle of the bottom face or from the notch.
b) The polymer liner reinforcement delayed not only the formation of the micro-cracks
but also restricted further propagation of these micro-cracks.
c) The interface between the liner and the substrate failed near the roller support points
and then a distinct diagonal tensile crack originated near the roller support points and
extended to the loading points on the top face, resulting in the yield of the composite
beam. The notched plaster beams filled and coated with the liner also showed similar
behaviour.
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d) The polymer liner reinforcement increased the flexural strength of the plaster beams
by three times.
7.1.4 Validation of the developed model
After developing and calibrating individual material models for the hydrostone plaster,
the polymer liner and the interface, numerical modelling of the four-point bending tests
were carried out to validate the individual material models in a scenario where complex
failure behaviour can be observed, depending on the loading conditions. Based on the
simulation results (Chapter 5), the following conclusions can be drawn:
a) The improved concrete damaged plasticity model simulated the hydrostone plaster
and accurately replicated the crack propagation observed in the bending experiments
of unreinforced beams.
b) The modification to the intrinsic cohesive zone model for the TSL predicted the
delamination of the liner at the rock interface.
c) The developed concrete damaged plasticity and cohesive zone models simulated all
three failure modes, i.e. the formation of tensile micro-cracks in the centre of plaster
beam, the compressive crushing of the plaster at the support points and diagonal
tensile failure in the plaster.
7.1.5 Calibration of model parameters for thin spray-on liners
Numerical models were developed to simulate the behaviour of steel mesh in Chapter 4.
The three-point bending tests on steel wires conducted by Shan (2017) were used to
determine the input parameters for the steel mesh material model and full-scale pull test
results on two mesh sections were used to validate the developed material model. The
model simulating the pull tests on the roof mesh section experienced a failure load of 42
kN compared to 41 kN in the experiment; however, the stiffness of the mesh was higher
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in the numerical simulation. In the experimental study (Shan, 2017), the mesh was found
to slip near the bearing plates, causing a reduction in the stiffness. The simulation of the
pull test on the rib mesh section accurately simulated the experimental results up to a
displacement of 250 mm, after which slippage of mesh occurred in the physical tests.
7.1.6 Comparison between TSL and steel mesh using large scale models
Large scale experiments conducted by Shan (2017) to compare the behaviour of a fibre
reinforced polymer liner and steel mesh in supporting coal mine roof strata subject to
buckling and guttering failure were simulated. It was found that the polymer liner
provided more effective reinforcement against buckling and guttering failure when
compared to steel mesh. These experiments were modelled numerically, and the key
results from the simulations indicate that:
a) The buckling numerical models showed the same results as those observed in the
physical experiments. The polymer liner supported model subjected to buckling,
sustained not only a higher crack initiating load than the steel mesh model but also
restricted the propagation of tensile cracks across the slabs. The steel mesh supported
model failed immediately after the initiation of the first tensile crack in the outer slab,
and a lower peak load was observed.
b) The polymer-supported model provided active support by bonding with the plaster
slab, which resulted in stiffer load-displacement behaviour than the steel mesh model.
The steel mesh model experienced higher deformation at the same load applied for
the polymer model, which indicated that steel mesh provides support, only after
significant displacement has occurred.
c) The guttering numerical models simulated the behaviour of the physical experiments
accurately.
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d) The polymer liner restricted the movement of already fractured strata, and the bonding
of liner assisted in maintaining the integrity of the fractured rockmass during
deformation.
e) The results of the small and large-scale simulations indicated the potential for the use
of a thin spray-on liner in place of steel mesh in underground mines, so, a numerical
study to investigate the support potential of the liner when applied in a coal mine
roadway was carried out.
7.1.7 Three-dimensional mine models
Three-dimensional mine models were developed to compare the reinforcement capacity
of the polymer liner, steel mesh and rock bolts when supporting the roof of an
underground coal mine roadway. The numerical models developed in this study provide
a better understanding of the support behaviour of the thin spray-on liner and indicate its
potential in replacing steel mesh for surface support in underground coal mines. The
results showed that:
a) The concrete damaged plasticity model used for simulating the yield of various rock
layers enabled the simulation to run even after the yield, which was a significant
improvement over earlier models. The behaviour of the rock mass after yield was
simulated by defining damage variables which reduced the compressive and tensile
strength of the rock mass with increase in plastic strain value. The model can
accurately replicate the tensile yield in the roof and compressive crushing of the rib
observed in the underground coal mines.
b) The separation of bedding planes between the different rock layers was also simulated
using the cohesive zone model. Surface interactions were defined at a distance of 0.5
to 1 m between each layers and their failure was predicted using the cohesive zone
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damage parameters.
c) The application of steel mesh and polymer liner reduced the roof displacement and
extent of the failure region when compared to the unsupported and rock bolts
supported model, however, the polymer liner model formed a strong bond with the
immediate roof and provided effective reinforcement immediately. The bonding of
the polymer liner with the rock surface was simulated using the cohesive zone model.
The bond parameters such as tensile bond strength, shear bond strength, displacement
at failure of bond and friction at the interface were defined in the cohesive zone model.
The model was calibrated using the results from laboratory tests carried out by earlier
researchers at the University of Wollongong. The model predicted the failure of
polymer bonding accurately. The mine roof supported by steel mesh was developed
using the calibrated steel mesh material models.
d) The roof deformations observed in the polymer liner model at three different mining
depths were lower than the steel mesh model, which indicated that the polymer liner
acted as an active support system and provided reinforcement to the rock mass,
whereas steel mesh could only provide surface support. The results indicated the
potential of the polymer liner in replacing steel mesh for underground rock support.
e) The mine models developed in this work included three-dimensional rock bolts and
grout instead of the two-dimensional beam elements available in commercial
numerical packages. This allowed for consideration of the interaction between the
rock bolts, grout and rock mass. The complexity of modelling three dimensional bolts
and rock mass was solved by creating holes in each rock layer and partitioning the
geometry to remove any convergence problem arising due to mesh shape, and
defining surface interactions between all rock bolts, grout and rock mass. In this work
only frictional and normal contact was considered, however, the surface interactions
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defined in the model can be used to define different grout-bolt interaction properties.

7.2

Recommendations for future research

The following recommendations are suggested for future research:
a) In-situ application of fast curing reactive thin spray-on liners such as that being
developed at UOW needs to be conducted to investigate its performance in
underground mines.
b) Numerical modelling work can be extended to include the rock bolts, grout and rock
mass interaction, pretension in the rock bolts and fracture networks to represent insitu discontinuities.
c) The two-dimensional beam model developed for steel mesh in this work can be
extended to a three-dimensional model to analyse the support provided by steel mesh
in more detail. Interface elements can also be included in the model to mimic the gaps
present between the rock mass and steel mesh to study the effect of gaps on the support
potential of steel mesh.
d) A parametric study to determine optimal TSL characteristics like thickness, bond
strength, stiffness, tensile and compressive strength needs to be done in underground
mining scenarios where rock strength, fractures and joints, and rock bolts parameters
vary.
e) The three-dimensional model developed in this work simulated the behaviour of a
coal mine roof under three different support scenarios. The model can be extended to
study the reinforcement potential of the polymer liner when applied on the coal rib.
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